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In  Unit  C you  will  leam  about  the  nature  and  behaviour  of 
electromagnetic  radiation  (EMR).  You  will  interpret  experimental 
evidence  to  reveal  our  current  understanding  of  EMR  as  it  relates  to 
wave-particle  duality  and,  ultimately,  the  basic  concepts  of  quantum 
theory.  You  will  examine  how  electromagnetic  radiation  also  helps  us 
understand  our  universe  and  how  it  is  used  everywhere  in  society.  For 
example,  electromagnetic  radiation  is  generated  and/or  used  by  cell 
phones,  microwaves,  lights.  X-ray  machines,  satellites,  stoves, 
televisions,  solar  panels,  and  so  on. 

In  Module  5 you  will  explore  the  electromagnetic  spectrum  and  leam 
about  the  wave  nature  of  EMR.  You  will  build  on  the  wave  theory 
you  learned  in  Physics  20  by  examining  how  the  wave  nature  is 
supported  by  reflection,  refraction,  and  diffraction  in  the  context  of 
optical  systems,  such  as  lenses  for  telescopes  and  microscopes;  CDs, 
DVDs,  and  Blu-rays;  and  fibre  optics. 

In  Module  6 you  will  leam  about  the  particle  nature  of  EMR  and  see 
how  blackbody  radiation,  the  photoelectric  effect,  the  Compton  effect, 
and  de  Broglie’s  matter  wave  experiments  led  to  the  wave-particle 
duality  of  light.  This  module  shows  the  transition  in  thinking  from 
Newtonian  classical  physics  to  modem  quantum  physics  and  how  that 
has  influenced  technology  and  our  daily  lives. 

At  the  end  of  this  unit,  you  will  understand  the  behaviour  and  the 
nature  of  electromagnetic  radiation  in  both  natural  and  technological 
applications.  Furthermore,  you  will  understand  these  applications  in 
relation  to  quantum  theory. 
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Specifically,  at  the  end  of  the  unit  you  will  be  able  to  explain: 

• the  role  of  electricity  and  magnetism  in  the  production  of  EMR 

• the  wave  and  particle  characteristics  of  EMR 

• how  EMR  is  applied  in  technological  devices  that  produee  or 
use  EMR 

• the  photoelectric  effect  and  how  it  supports  the  concept  of  the 
quantum 

• the  wave-particle  duality  of  light  and  how  it  is  supported  by 
experimental  evidenee 
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Wave  Theory  of  Light 
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Module  Descriptions 
Module  5:  Wave  Theory  of  Light 

In  Module  5 the  production  and  behaviour  of  electromagnetic  radiation  will  be  explored  in 
optical  systems.  The  wave  model  of  light  will  be  used  to  describe  the  following  characteristics 
of  electromagnetic  radiation: 

• its  production 

• its  speed  and  propagation 

• reflection 

• refraction 

• diffraction  and  interference 

As  you  are  working  in  Module  5,  keep  the  following  questions  in  mind: 

• What  role  does  electricity  and  magnetism  play  in  the  production  of  EMR? 

• Does  EMR  exhibit  wave-  or  particle-like  characteristics,  or  both? 

Module  6:  Wave-Particle  Duality  and  Quantum  Physics 

In  Module  6 the  idea  of  the  quantum  will  be  introduced  in  the  context  of  the  wave-particle 
nature  of  electromagnetic  radiation  and  its  application  to  the  photoelectric  effect. 

As  you  are  working  in  Module  6,  keep  the  following  questions  in  mind: 

• What  is  the  photoelectric  effect? 

• How  is  the  quantum  model  applied  to  understanding  the  nature  of  EMR? 
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Module  Introduction 

In  Physics  20  you  examined  the  properties  of  waves  and  the  universal  wave  equation:  c =fl.  In 
Physics  30:  Unit  B you  examined  how  changing  electric  fields  and  magnetic  fields  can  induce 
each  other.  In  Module  5 you  will  expand  upon  your  understanding  of  waves  and  electrie  and 
magnetic  fields  to  see  how  they  form  waves  of  electromagnetie  radiation  (EMR). 

In  Module  5 you  will  explore  the  wave  nature  of  EMR.  You  will  do  this  by  looking  at  the 
electromagnetic  spectrum,  including  visible  light,  and  how  EMR  properties  ehange  as  the 
frequeney  or  wavelength  changes.  You  will  study  the  properties  of  EMR,  refleetion,  refraction, 
and  diffraction,  and  evaluate  how  each  property  shows  evidenee  of  the  wave  nature  of  EMR. 
Along  the  way  you  will  look  at  the  work  of  James  Clerk  Maxwell,  who  established  the  theory  of 
the  wave  nature  of  EMR.  You  will  also  study  Heinrich  Hertz,  who  performed  the  experiments 
that  led  to  an  understanding  of  EMR.  Finally,  you  will  see  how  experimentation  developed  to 
accurately  measure  the  speed  of  light. 


Big  Picture 
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In  Module  5 you  will  investigate  the  produetion,  propagation,  reflection,  refraction,  diffraction, 
and  interference  of  light.  These  charaeteristics  will  show  that  light  behaves  like  a wave, 
answering  the  question,  “Is  light  a wave  or  a partiele?”  Each  lesson  will  examine  a behaviour  or 
eharacteristic  of  light  and  the  key  experiments  that  show  how  that  behaviour  or  charaeteristic 
demonstrates  the  wave  nature  of  light. 
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Wave  Theory  of  Light 

What  is  the  first  thing  that  comes  to  mind  when  you  think  of  light?  For  most  people,  it  is 
sunshine.  Sunshine  greets  us  in  the  morning,  warms  us  in  the  day,  and  lets  us  see  the  moon  at 
night.  In  essence,  sunshine  allows  us  to  observe  our  environment  and  understand  what  surrounds 
us. 

In  this  respect,  light  is  a tool  that  helps  build  our  understanding  of  both  the  universe  and  our 
immediate  surroundings,  all  at  the  same  time.  People  use  light  every  day  without  much  thought 
about  how  light  is  produced  or  what  it  is.  Only  in  recent  times  have  we  learned  that  visible  light 
only  makes  up  a very  small  section  of  the  electromagnetic  spectrum.  For  example,  radio  waves. 
X-rays,  infrared  heat,  and  ultraviolet  radiation  are  just  a few  of  the  many  classifications  of 
electromagnetic  radiation  (EMR)  that  demonstrate  very  similar  behaviours  to  that  of  visible 
light. 

Understanding  such  a vast  array  of  applications  and  observations  is  simplified  using  a model.  In 
this  module  you  will  explore  many  parts  of  the  electromagnetic  spectrum  using  a wave  model, 
particle  model,  or  both. 

Using  both  observations  and  models,  you  will  investigate  the  nature  and  behaviour  of  light  and 
electromagnetic  radiation  in  general. 

As  you  are  working  in  Module  5,  keep  the  following  questions  in  mind: 

• What  roles  do  electricity  and  magnetism  play  in  the  production  of  electromagnetic 
radiation  (EMR)? 

• Does  EMR  exhibit  wave-  or  particle-like  characteristics? 

• What  does  experimental  evidence  suggest  about  the  nature  of  EMR? 


Module  Assessment 


Each  lesson  has  a teacher-marked  assignment,  based  on  work  completed  in  the  lesson.  In 
addition,  you  will  be  graded  on  your  contributions  to  the  Discuss  section  of  each  lesson. 

You  will  also  be  asked  to  complete  Self-Check  or  Try  This  questions,  which  you  should  place  in 
your  Physics  30  course  folder.  These  are  not  formally  assessed  but  are  a valuable  way  to 
practise  the  concepts  and  skills  of  the  lesson.  These  activities  can  provide  you  with  reflective 
feedback  on  your  understanding  of  the  lesson  work. 
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You  will  be  marked  for  your  lesson  work  on  the  following  items: 


• Module  5:  Lesson  1 Assignment 

• Module  5:  Lesson  2 Assignment 

• Module  5:  Lesson  3 Assignment 

• Module  5:  Lesson  4 Assignment 

• Module  5:  Lesson  5 Assignment 

• Module  5:  Lesson  6 Assignment 


At  the  end  of  the  module  you  will  complete  a module  assessment  that  consists  of  two  diploma- 
style  written  response  questions.  The  first  question  will  assess  your  ability  to  perform  a 
refraction  experiment,  and  the  second  will  assess  your  comparison  of  the  spectrum  created  by  a 
diffraction  grating  with  the  spectrum  produced  by  a prism.  You  will  find  these  questions  in  the 
Module  5 Summary  and  Assessment.  If  you  have  any  questions,  contact  your  teacher. 


In  This  Module 

In  Module  5 the  wave  model  of  light  will  be  used  to  describe  the  following  characteristics  of 
electromagnetic  radiation: 

• its  production 

• its  speed  and  propagation 

• reflection 

• refraction 

• diffraction  and  interference 


Lesson  1 — Electromagnetic  Radiation 


In  this  lesson  you  will  explore  the  properties  of  the  many  forms  of  electromagnetic  radiation  that 
form  the  electromagnetic  spectrum,  including  how  radiation  is  generated,  transmitted,  and 
received.  You  will  also  learn  how  electrical  charge  and  magnetic  field  are  related  to  the 
production  of  electromagnetic  radiation. 

You  will  investigate  the  following  essential  questions: 


• Is  electromagnetic  radiation  more  than  just  visible  light? 

• How  is  the  electromagnetic  spectrum  organized? 

• How  are  electrical  charge  and  magnetic  field  related  to  the  production  of  electromagnetic 
radiation? 

• How  are  electromagnetic  waves  generated,  transmitted,  and  received  in  technologies  such 
as  the  radio? 
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Wave  Theory  of  Light 


Lesson  2 — The  Speed  of  Light 

In  this  lesson  you  will  learn  how  to  measure  the  speed  of  light  by  using  another  planet,  in  a 
laboratory,  and  in  a microwave. 

You  will  investigate  the  following  essential  questions: 

• How  can  you  measure  the  speed  of  light  using  another  planet? 

• How  can  you  measure  the  speed  of  light  in  a laboratory? 

• How  can  you  measure  the  speed  of  light  using  a microwave  oven? 

Lesson  3 — Reflection 

In  this  lesson  you  will  explore  the  law  of  reflection  in  various  contexts.  You  will  learn  about  the 
two  different  types  of  reflection,  what  a ray  diagram  represents,  and  how  to  draw  and  use  ray 
diagrams  to  predict  and  explain  the  characteristics  of  images  formed  in  flat  and  curved  mirrors. 

You  will  investigate  the  following  essential  questions: 

• What  is  regular  and  diffuse  reflection? 

• What  is  the  law  of  reflection? 

• How  do  I draw  a ray  diagram,  and  what  does  it  represent? 

• How  are  images  formed  in  flat  and  curved  mirrors,  and  how  are  ray  diagrams  used  to 
predict  and  explain  their  characteristics? 

Lesson  4 — Refraction 

In  this  lesson  you  will  learn  about  the  nature  and  cause  of  refraction  and  how  Snell’s  Law  can 
describe  it  mathematically.  You  will  also  explore  other  properties  of  refraction  and  the  role  of 
these  properties  when  a prism  produces  a rainbow. 

You  will  investigate  the  following  essential  questions: 

• What  is  the  nature  and  cause  of  refraction? 

• What  is  an  “index  of  refraction”? 

• How  does  Snell’s  Law  describe  refraction  mathematically? 

• What  is  total  internal  reflection? 

• How  do  you  calculate  a critical  angle? 

• How  does  a prism  produce  a rainbow,  and  how  is  a prism  similar  to  a natural  rainbow? 
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Lesson  5 — Refraction,  Lenses,  and  Optical  Systems 


In  this  lesson  you  will  learn  what  is  meant  by  a thin  lens  and  how  ray  diagrams  and  the  thin  lens 
equation  are  both  used  to  predict  image  characteristics  for  thin  lenses. 

You  will  investigate  the  following  essential  questions: 

• What  is  a thin  lens? 

• How  are  ray  diagrams  used  to  predict  image  characteristics  for  thin  lenses? 

• How  is  the  thin  lens  equation  used  to  predict  image  characteristics  for  thin  lenses? 

Lesson  6 — Diffraction  and  Interference 

In  this  lesson  you  will  investigate  what  is  meant  by  diffraction  and  interference  patterns.  You 
will  also  explore  the  significance  of  Thomas  Young’s  experiment  as  it  relates  to  the  wave  model 
of  light. 

You  will  investigate  the  following  essential  questions: 

• What  is  diffraction? 

• What  is  an  interference  pattern? 

• What  is  the  significance  of  Thomas  Young’s  experiment  as  it  relates  to  the  wave  model  of 
light? 

• How  are  diffraction  patterns  solved  mathematically  in  ideal  and  experimental  conditions? 
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Wave  Theory  of  Light 


Module  5 — Wave  Theory  of  Light 


Lesson  1 — Electromagnetic  Radiation 


Get  Focused 


© Noel  Powell,  Schaumburg/shutterstock 


Both  visible  light  and  X-rays  belong  to  the 
electromagnetic  spectrum,  a classification 
system  that  describes  all  electromagnetic 
radiation.  X-rays  and  visible  light  are  also 
produced  similarly  and  demonstrate  a 
relationship  between  electric  and  magnetic 
fields. 

In  this  lesson  you  will  answer  the  following 
essential  questions: 

• Is  electromagnetic  radiation  more  than 
just  visible  light? 


The  night  sky  reveals  an  untold  number  of  stars, 
each  one  producing  light  that  propagates 
outward  in  all  directions.  Eventually,  some  of 
the  light  reaches  Earth,  as  shown  by  this 
illustration  of  the  night  sky.  In  another  image, 
the  bone  structure  of  the  human  hand  is 
revealed  by  X-rays  that  can  travel  only  through 
certain  tissues.  At  first  glance,  the  images  seem 
completely  unrelated;  but  they  are  not. 

What  do  these  two  photographic  images  have  in 
common?  Are  they  both  formed  by  light  passing 
through  space  and  material?  Are  both  images 
based  on  exposure  to  electromagnetic  radiation? 
Do  X-rays  travel  through  human  tissue  the  same 
way  visible  light  passes  through  the  universe? 


Jim  Wehtje/Photodisc/Getty  Images 


• How  is  the  electromagnetic  spectrum  organized? 

• How  are  electrical  charge  and  magnetic  field  related  to  the  production  of  electromagnetic 
radiation? 

• How  are  electromagnetic  waves  generated,  transmitted,  and  received  in  technologies  such 
as  the  radio? 
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Electromagnetic  Radiation 


W 

V Module  5:  Lesson  1 Assignment 

Your  teacher-marked  Module  5:  Lesson  1 Assignment  requires  you  to  submit  a response  to  the 
following: 

• Assignment — A 1 , A 2,  A 3,  A 4,  A 5,  and  A 6 

• Discuss — D 3 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 


In  scientific  terms,  electromagnetic  radiation,  or  EMR,  is  radiant  energy 
travelling  outwards  from  a source  in  the  form  of  a wave.  Unlike  the 
mechanical  waves  studied  in  your  previous  physics  courses,  EMR  does 
not  require  a material  medium  in  which  to  move.  The  EMR  wave  is 
classified  by  its  wavelength  (length)  or  by  its  frequency  (oscillations 
per  second).  For  example,  when  you  turn  on  a light,  microwave  popcorn, 
use  a cordless  remote  control,  talk  on  a cellphone,  or  tune  into  a radio 
station,  you  are  using  devices  that  operate  with  different  types  of 
electromagnetic  radiation  based  on  their  wavelengths  and  frequencies. 
Organizing  all  of  the  different  types  of  electromagnetic  radiation  by 
frequency  or  wavelength  produces  an  electromagnetic  spectrum. 

Jip  Fens/shutterstock  J at'  si' 


wavelength:  the  distance  between  adjacent  points  on  a wave  that  vibrate  in  phase  with  one 
another  (m) 

frequency:  the  number  of  cycles  per  unit  of  time  (Hz  = 1 cycle/second) 

electromagnetic  spectrum:  a general  classification  of  all  electromagnetic  radiation  based  on 
wavelength,  frequency,  and  energy 
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Wave  Theory  of  Light 


The  rainbow  seen  in  the 
picture  is  a natural 
example  of  a spectrum. 

It  demonstrates  that 
white  light  can  be 
separated  into  a 
“spectrum”  of  colours 
organized  by 
wavelength.  The  violet 
light  has  a wavelength 
of  400^50  nm  (nm  is 
nanometer,  xlO”^  m). 

As  you  look  inward,  the 
wavelengths  get  longer 
until  you  reach  red  light 
at  630-700  nm. 

Therefore,  a rainbow  is 
the  natural  expression  of 
the  visible  light 
spectrum.  But  what  is 

just  beyond  the  violet  end  of  the  spectrum?  What  is  just  beyond  the  red  end  of  the  spectrum? 

Obviously,  these  will  be  EMR  waves  that  cannot  be  sensed  by  the  human  eye.  Some,  however, 
you  may  sense  with  our  skin.  Infrared  waves,  for  example,  are  felt  as  heat;  they  have  a 
wavelength  slightly  longer  than  red  light,  making  them  “invisible”  (outside  the  visible 
spectrum).  The  term  red  hot  may  have  more  meaning  for  you  now.  Ultraviolet  waves,  for 
example,  cause  sunburns;  they  have  a wavelength  shorter  than  violet  light,  so  they  are  also 
“invisible”  (outside  the  visible  spectrum).  Even  though  you  can’t  see  them  they  can  still  affect 
you. 
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Although  some  radiations  are  marked  as  N for  no  in  the  diagram,  some 
waves  do  in  fact  penetrate  the  atmosphere,  although  extremely  minimally 
compared  to  the  other  radiations. 

Adapted  from  image  courtesy  of  NASA 


Read 

Read  pages  637-638  in  your  textbook  to  find  out  more  about  the  types  of  EMR  and  the 
electromagnetic  spectrum. 


Self-Check 


SC  1.  Using  “Table  13.1”  on  page  638  of  your  textbook,  identify  what  is  unique  about  visible 
light  compared  to  the  rest  of  the  EMR  spectrum. 

SC  2.  Go  to  the  Physics  30  Multimedia  DVD  and  open  the  “Spectrum”  applet.  Adjust  the 
wavelength  and  frequency  slider.  Observe  the  energy  of  the  wave.  Describe  the  relationship 
between  the  following  two  characteristics: 
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a.  frequency  and  energy 

b.  wavelength  and  energy 


Electromagnetic  Radiation 


SC  3.  An  infrared  wave  of  EMR  has  a frequency  of  2. Ox  10^^  Hz.  What  is  the  wavelength  of  the 
wave? 

Check  your  work  with  the  answers  in  the  Appendix. 


Module  5:  Lesson  1 Assignment 


Remember  to  submit  your  answers  to  A 1,  A 2,  A 3,  and  A 4 to  your  teacher  as  part  of  your 
Module  5:  Lesson  1 Assignment. 

A 1.  Medical  technologies  related  to  imaging  and  cancer  treatment  use  high-frequency  EMR. 
What  precautions  should  medical  personnel  take  when  working  with  these  types  of 
technologies? 

A 2.  A student  measures  the  period  of  an  electromagnetic  wave  as  3.64 x 10”*^  s. 

a.  What  is  the  frequency  of  the  wave? 

b.  What  is  the  wavelength  of  the  wave? 

c.  To  which  part  of  the  electromagnetic  spectrum  does  the  wave  belong? 

A 3.  What  are  the  two  competing  models  of  electromagnetic  radiation?  Explain  how  each 
works. 


A 4.  Explain  Young’s  experiment  and  how  it  proved  one  of  the  theories  of  electromagnetic 
radiation. 


Try  This — Maxwell’s  Electromagnetic  Theory,  1865 


In  1865,  James  Clerk  Maxwell  summarized  four  basic  relationships  between  electricity  and 
magnetism  that  predicted  the  existence  of  an  electromagnetic  wave.  The  four  relationships  were 
described  in  mathematical  notation  beyond  the  scope  of  this  course  but  are  presented  here  as 
general  textual  descriptions. 


• An  electric  field  surrounds  any  charged  object,  and  an  electrostatic  force  will  act  on  any 
other  charged  object  that  exists  within  it,  exhibiting  action  at  a distance. 

• A magnetic  field  is  a three-dimensional  continuous  closed  loop. 

• An  electric  current,  or  a changing  electric  field,  will  produce  a magnetic  field. 

• A changing  magnetic  field  can  produce  an  electric  field  capable  of  causing  an  induced 
current  and  potential  difference  in  a conductor  within  the  field. 
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From  these  four  relationships,  two  reverse  phenomena  exist.  A changing  magnetic  field 
produces  an  electric  field,  and  a changing  electric  field  produces  a magnetic  field.  Based  on  this 
knowledge.  Maxwell  was  able  to  correctly  predict  that  it  is  possible  for  changing  magnetic  and 
electric  fields  to  travel  through  empty  space  in  the  form  of  an  electromagnetic  wave.  His 
prediction  also  described  other  properties  and  characteristics  of  the  electromagnetic  wave. 
Specifically,  he  predicted  the  following: 

• The  electromagnetic  wave  consists  of  perpendicular,  oscillating,  electric,  and  magnetic 
fields  in  a constant  phase  relationship.  The  direction  of  propagation  is  perpendicular  to 
both  the  magnetic  and  electric  fields. 


View  the  animation  titled  “Propagating  Electromagnetic  Wave”  on  the  Physics  30  Multimedia 
DVD.  In  this  animation,  an  electromagnetic  wave  is  produced  whenever  a charge  is  accelerated. 


Read 


Read  pages  641-643  of  your  textbook  for  more  information  on  Maxwell’s  Electromagnetic 
Theory. 


Try  This 


TR  1.  Why  is  change  important  in  producing  EMR? 


Module  5:  Lesson  1 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  A 5 and  A 6 as  part  of  your 
Module  5:  Lesson  1 Assignment. 

A 5.  Where  does  the  energy  for  the  EMR  originate? 

A 6.  What  new  concept  did  Maxwell  introduce? 
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Try  This — Producing,  Transmitting  and  Receiving  EMR 


Electromagnetic  waves  were  first  produced  and  detected  in  1887,  shortly  after  Maxwell’s  death. 
German  physicist  Heinrich  Hertz  (1857-1894)  used  a spark  gap  to  rapidly  move  an  electric 
charge  back  and  forth  producing  a wave  of  10^  Hz,  which  was  detected  by  a nearby  antenna.  He 
was  also  able  to  confirm  that  the  waves  travelled  at  nearly  3.0  x 10^  m/s.  Hertz  called  these 
electromagnetic  waves  “radio”  waves.  For  his  significant  contribution  to  the  study  of  science, 
the  SI  unit  of  frequency  Hertz,  or  Hz  (cycles  per  second  or  seconds”^),  was  named  in  his  honour. 
Today,  radio  waves  are  very  common.  AM/FM  radios,  cellphones,  garage-door  openers,  and 
cordless  telephones  operate  in  the  radio  range  of  the  spectrum.  You  will  explore  how  they  are 
produced,  transmitted,  and  received  using  your  own  radio  station. 

Go  to  the  Physics  30  Multimedia  DVD  and  open  “Radio  Waves.”  Use  the  Radio  Waves 
simulation  to  open  your  own  radio  station. 


© 2008  University  of  Colorado.  All  rights  reserved. 


Your  radio  station  has  a transmitting  tower  that  consists  of  an  electron  in  a long  conductor.  Your 
listening  audience  is  in  the  small  house  with  a receiver  attached  to  a long  conducting  antenna. 

Select  “Manual”  on  the  Transmitter  Movement  menu  and  wiggle  the  electron  in  the 
transmission  tower.  Observe  the  correlation  to  the  wave  that  is  produced.  Next,  select 
"Oscillate"  and  observe  the  simple  harmonic  motion  of  the  electron. 


Self-Check 


SC  4.  Does  the  frequency  of  the  simple  harmonic  motion  match  the  frequency  of  the  radio 
wave? 

SC  5.  What  causes  the  electron  to  accelerate  up  and  down  in  a real  transmission  antenna? 
Explain  how  this  will  be  related  to  the  frequency  of  the  radio  wave  produced. 

SC  6.  Describe  the  relationship  of  the  direction  of  the  electric  wave,  the  magnetic  wave,  and  the 
direction  of  the  EMR. 

Check  your  work  with  the  answers  in  the  Appendix. 
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Read 

Read  pages  644-647  of  your  textbook  for  more  information  on  Hertz’s  experiment  and  radio 
technology. 

w Discuss 

Shadows  are  the  result  of  visible  light  being 
unable  to  pass  through  solid  objects.  Gamma 
rays  and  radio  waves,  on  the  other  hand,  are  on 
opposite  ends  of  the  spectrum,  yet  they  can  both 
pass  through  solid  walls.  Visible  light  is  in  the 
centre  of  the  spectrum  in  terms  of  frequency 
and  energy,  yet  it  cannot  pass  through  a wall  or 
solid  object. 

D 1.  Why  is  this?  Research  and  post  a solution 
to  this  problem.  In  your  explanation,  explain 
how  you  would  determine  the  smallest  possible  object  you  could  see  with  visible  light.  You  may 
wish  to  include  a diagram  to  clarify  your  response.  The  suggested  Internet  search  phrase,  “Why 
can’t  light  travel  through  walls,”  may  help  with  your  research. 

D 2.  Post  your  summary  to  the  discussion  area  set  up  by  your  teacher.  Compare  your  summary 
to  at  least  one  other  explanation  produced  by  another  student.  Identify  similarities  and 
differences  between  your  work  and  the  work  of  other  students.  Remember  to  add  the  answer  to 
this  question  to  your  course  folder. 


Module  5:  Lesson  1 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  complete  question  D 3 as  part  of  your 
Module  5:  Lesson  1 Assignment. 

D 3.  If  you  were  to  update  your  explanation  of  why  light  can’t  travel  through  walls  based  on 
what  you  learned  in  D 2,  what  changes  would  you  make? 
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Reflect  and  Connect 


X-ray  technologies  are  one  of  many  diagnostics 
tools  deployed  in  the  health-care  system.  They 
also  illustrate  the  production  and  transmission 
of  electromagnetic  waves. 


An  X-ray  machine  similar  to  those  found  in 


hospitals  and  dental  offices  uses  a high  voltage 
to  accelerate  an  electron  towards  a tungsten 


metal  target.  With  sufficiently  high  voltage,  the 
electron  gains  enough  energy  to  knock  an  inner 
shell  electron  out  of  the  atom  when  it  collides 
with  the  metal  target.  In  an  instant,  an  outer 


shell  electron  accelerates  and  replaces  the  lost 
inner  electron  to  create  an  electromagnetic  wave 
with  the  frequency  and  energy  of  an  X-ray. 


Micah  May/shutterstock 


The  wave  then  propagates  outward  toward  the 
patient  or  specimen.  Those  waves  that  contact 


dense  material — such  as  metal  fillings,  bones,  and  teeth — are  absorbed  and  cast  a shadow. 
Those  waves  that  encounter  less  dense,  soft  tissues  pass  through  and  cause  the  white  X-ray  film 
to  turn  black  and  produce  a negative  image  similar  to  the  one  in  the  photo. 

Since  X-rays  have  sufficient  energy  to  knock  out  free  electrons,  they  are  considered  a type  of 
“ionizing  radiation,”  capable  of  damaging  biological  systems.  Therefore,  exposure  to  X-rays  is 
minimized  by  taking  images  only  when  medically  necessary  and  by  protecting  technicians  by 
blocking  X-rays  with  dense  materials  such  as  lead. 

In  the  past,  people  did  not  always  take  such  care  around  X-rays.  In  the  1940s  and  early  1950s,  a 
shoe-fitting  X-ray  machine  was  a common  fixture  in  shoe  stores  and  department  stores.  These 
machines  had  three  viewing  ports  so  that  your  salesperson  and  a friend  could  look  at  your  feet 
with  you!  The  dangers  of  these  machines  became  known  in  the  1950s;  by  the  1970s,  their  use 
was  banned. 


V Module  5:  Lesson  1 Assignment 

Remember  to  submit  the  Lesson  1 Assignment  to  your  teacher. 
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Lesson  Summary 

In  this  lesson  you  focused  on  the  following  questions: 

• Is  electromagnetic  radiation  more  than  just  visible  light? 

• How  is  the  electromagnetic  spectrum  organized? 

• How  are  electrical  charge  and  magnetic  field  related  to  the  production  of  electromagnetic 
radiation? 

• How  are  electromagnetic  waves  generated,  transmitted,  and  received  in  technologies  such 
as  the  radio? 

A rainbow  is  a natural  example  of  the  visible  light  spectrum.  It  is  organized  by  wavelength  and 
frequency  and  illustrates  all  of  the  colours  that,  taken  together,  form  white  light.  Visible  light, 
however,  represents  only  a small  portion  of  the  entire  electromagnetic  radiation  spectrum,  which 
is  organized  by  wavelength  and  frequency.  Low  frequency,  low-energy  EMR  includes  AC 
power,  radio  waves,  microwaves,  and  infrared  heat.  High  frequency,  high-energy  EMR  includes 
ultraviolet  waves.  X-rays,  gamma  rays,  and  cosmic  rays,  which  can  permanently  damage 
biological  systems. 

In  1865,  James  Clerk  Maxwell  predicted  that  perpendicular,  oscillating,  electric,  and  magnetic 
fields  propagated  in  the  form  of  an  electromagnetic  wave.  He  added  that  an  electromagnetic 
wave  is  produced  whenever  a charge  is  accelerated.  And  if  the  electric  charge  exhibits  simple 
harmonic  motion,  the  frequency  of  the  wave  matches  the  frequency  of  the  simple  harmonic 
motion.  Maxwell  also  concluded  that  all  electromagnetic  waves  travel  through  a vacuum  at  a 
common  speed  and  obey  the  universal  wave  equation.  Furthermore,  the  waves  exhibit  similar 
properties  to  that  of  transverse  waves:  interfering,  diffracting,  refracting,  and  reflecting. 

In  1887,  Heinrich  Hertz  experimentally  verified  Maxwell’s  predictions  by  using  a spark  gap  to 
produce  a 10^-Hz  wave  that  was  received  by  a nearby  antenna.  Radio  technology  uses 
accelerating  charges  in  a similar  way  to  produce  EMR  waves  that  propagate  outwards  from  a 
transmitter  tower.  The  EMR  waves  are  capable  of  inducing  a current  in  a distant  conducting 
antenna.  Furthermore,  the  sine  wave  produced  at  the  transmitter  tower  is  identical  to  the  sine 
wave  of  the  induced  current  in  the  receiving  antenna,  facilitating  the  delivery  and  reproduction 
of  sounds,  music,  and  voices. 

Lesson  Glossary 

electromagnetic  spectrum:  a general  classification  of  all  electromagnetic  radiation  based  on 
wavelength,  frequency,  and  energy 

frequency:  the  number  of  cycles  per  unit  of  time  (Hz  = 1 cycle/second) 

wavelength:  the  distance  between  adjacent  points  on  a wave  that  vibrate  in  phase  with  one 
another  (m) 
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Module  5 — Wave  Theory  of  Light 


Lesson  2 — The  Speed  of  Light 


Get  Focused 


In  1983,  the  international  system  of  units  (SI) 
adopted  the  following  new  definition  of  the 
metre:  “A  metre  is  the  length  of  the  path 
travelled  by  light  in  vacuum  during  a time 
interval  of  1/299  792  458  of  a second.” 

This  means  that  the  speed  of  light  in  vacuum  is 
exactly  299  792  458  m/s  and  that  the  definitions 
related  to  distance  and  length  are  based  on  this 
value.  In  fact,  the  global  positioning  system,  or 
GPS,  depends  on  it.  A GPS  receiver  can 
pinpoint  its  location  on  the  surface  of  Earth  by 
calculating  its  distance  from  the  global  positioning  satellites. 


© Olaru  Radian-Alexandru/shutterstock 


How  is  the  distance  between  a receiver  and  a satellite  determined?  Each  GPS  satellite  broadcasts 
a precise,  synchronized  time  signal.  A receiver,  such  as  the  one  in  the  photo,  measures  how  long 
it  takes  the  time  signal  to  travel  from  the  satellite  to  a receiver.  Using  this  time  information  and 
the  value  for  the  speed  of  light  in  a vacuum,  the  precise  distance  separating  the  receiver  and  the 
satellite  is  determined.  Repeating  this  process  for  a minimum  of  three  satellite  time  signals 
provides  enough  information  to  determine  the  receiver’s  exact  position  using  a process  called 
trilateration. 


Watch  and  Listen 


Watch  “Global  Positioning  Systems,”  which  is  found  on  the  Physics  30  Multimedia  DVD,  to  see 
how  trilateration  is  used  to  determine  the  precise  location  of  a GPS  receiver. 

GPS  is  just  one  example  of  an  optical  system  that  is  based  on  our  understanding  of  the  speed  of 
light.  Obviously,  the  speed  of  light  is  very  fast — so  fast  that  it  takes  only  1.3  seconds  for  light  to 
travel  from  Earth  to  the  Moon.  When  the  first  humans  orbited  the  Moon  in  Apollo  8,  there  was 
nearly  a three-second  delay  in  all  communications  as  the  EMR  made  its  way  from  Earth  to  the 
command  module  and  back  again.  On  Earth,  it  would  take  about  0.0668  s for  light  to  travel  from 
Canada  to  Japan. 


Connecting  two  computers  by  sending  the  light  through  fibre  optics  and  switching  equipment  on 
the  Internet  would  take  about  0. 1 8 s.  Even  with  a stopwatch,  you  would  have  difficulty 
accurately  measuring  the  time  it  takes  for  light  to  travel  anywhere  on  Earth. 
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So  how  was  the  speed  of  light  determined  if  it  travels  so  fast?  Was  it  determined  using 
astronomical  observations?  Can  it  be  measured  on  a lab  bench?  Does  it  slow  down  when  it 
enters  water  and  other  materials,  such  as  glass?  In  Lesson  2 you  will  investigate  the  speed  of 
light. 

In  this  lesson  you  will  answer  the  following  essential  questions: 

• How  can  you  measure  the  speed  of  light  using  another  planet? 

• How  can  you  measure  the  speed  of  light  in  a laboratory? 

• How  can  you  measure  the  speed  of  light  using  a microwave  oven? 


Module  5:  Lesson  2 Assignment 

Your  teacher-marked  Module  5:  Lesson  2 Assignment  requires  you  to  submit  responses  to  the 
following: 


• Assignment — A 1 

• Laboratory— LAB  1,  LAB  2,  LAB  3,  LAB  4,  LAB  5,  LAB  6,  and  LAB  7 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 


After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 

Olaus  Roemer  (1664-1710)  and  Christiaan 
Huygens  made  one  of  the  earliest  attempts  to 
measure  the  speed  of  light  using  astronomical 
data.  The  period  of  revolution  for  Jupiter’s 
moon,  lo,  was  well  known.  It  would 
periodically  disappear  from  sight,  or  eclipse,  as 
it  travelled  behind  Jupiter  only  to  reappear  on 
the  other  side  every  42.5  hours. 


Physics  (Pearson  Education  Canada,  2007)  p.  648,  fig  13.21. 

However,  depending  on  the  time  of  year  you  Reproduced  with  permission, 
observed  the  eclipse,  it  would  appear  22 

minutes  behind  schedule.  Presumably,  this  time  difference  is  caused  by  the  extra  distance  the 
light  has  to  travel  when  Jupiter  and  Earth  are  on  opposite  sides  of  the  Sun.  Given  that  the  extra 
distance  is  equal  to  Earth’s  orbital  diameter  and  the  time  it  takes  to  travel  that  distance,  Roemer 
was  able  to  measure  the  speed  of  light  to  be  2.3  x 10^  m/s.  And  although  it  was  very  close  to  the 
currently  accepted  value  of  3.0  x 10^  m/s,  this  figure  was  rejected  by  the  scientific  community 
of  the  time,  who  assumed  it  to  be  much  too  high  a figure  because  no  such  speed  even  remotely 
near  had  ever  been  measured. 
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Self-Check 


SC  1.  The  radius  of  Earth’s  orbit  is  1.49  x 10^^  m.  If  the  eelipse  of  lo  took  22  minutes  longer, 
demonstrate  the  calculations  Roemer  and  Huygens  used  to  calculate  the  speed  of  light. 

SC  2.  The  value  that  Roemer  and  Huygens  measured  was  considered  much  too  large.  In  the 
1700s,  what  was  considered  really  fast? 

Check  your  work  with  the  answers  in  the  Appendix. 


Read 

In  1848,  the  first  terrestrial  attempt  to  measure  the  speed  of  light  was  done  by  Armand  Fizeau 
using  a toothed  wheel.  See  his  experimental  design  on  page  649  of  your  textbook. 


Self-Check 

SC  3.  What  was  the  manipulated  variable  in  Fizeau’ s experiment? 

SC  4.  What  was  the  responding  variable  in  Fizeau ’s  experiment? 

SC  5.  What  did  Fizeau  see  during  his  first  experiment? 

Check  your  work  with  the  answers  in  the  Appendix. 

Michelson  Experiment 

In  1905,  Albert  Michelson  accurately  measured 
the  speed  of  light  using  a set  of  rotating  mirrors. 

In  his  now-famous  experiment,  light  was 
directed  at  an  eight-sided,  rotating  mirror.  The 
light  was  reflected  from  one  side  of  the  rotating 
mirror  toward  a distant  curved  mirror  that  sent 
the  light  back  toward  the  rotating  mirror.  If  the 
rotating  mirror  completed  one-eighth  of  a 
rotation  (or  a multiple  of  1/8)  by  the  time  the 
light  returned,  the  light  would  be  reflected  to  an 
observer  (as  seen  in  the  illustration).  Knowing 
the  period  of  rotation  that  causes  the  light  to  be 
observed  gives  the  time  it  takes  the  light  to 
travel  to  and  from  the  distant  curved  mirror. 

Therefore,  the  speed  of  light  was  equal  to  the 
distance  to  and  from  the  curved  mirror  divided  by  1/8  of  the  period  of  rotation. 


Physics  (Pearson  Education  Canada,  2007)  p650,  fig  13.24. 
Reproduced  with  permission. 
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Read 


Read  “Michelson’s  Experiment”  and  “Example  13.1”  on  pages  650  and  651  of  your  textbook. 


Try  This 


TR  1.  Complete  “Practice  Problems”  1-3  on  page  650  of  your  textbook.  Try  question  3 first. 

TR  2.  Now  that  you  have  read  about  several  methods  scientists  have  used  to  measure  the  speed 
of  light,  design  a procedure  for  your  own  experiment  to  measure  the  speed  of  light. 


Module  5:  Lesson  2 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  question  A 1 as  part  of  your 
Module  5:  Lesson  2 Assignment. 

A 1.  Do  Application  questions  4,  7,  8,  and  10  on  page  652  of  your  textbook. 


LAB;  Determining  the  Speed  of  Light  Using  a Microwave  Oven 

Retrieve  your  copy  of  the  Module  5:  Lesson  2 
Assignment  you  saved  earlier  in  this  lesson. 

Before  performing  this  lab,  read  “Quicklab”  on 
page  65 1 of  your  textbook.  Perform  the 
procedure  that  follows. 

Problem 


How  can  a microwave  oven  be  used  to 
determine  the  speed  of  light?  e Miiexpicers/shutteraock 

Materials 


• microwave  oven 

• microwave-safe  dish,  such  as  a casserole  dish 

• marshmallows 

Procedure 

• Place  a layer  of  marshmallows  in  a microwave-safe  dish  or  casserole  dish,  ensuring  the 
marshmallows  cover  the  bottom  of  the  dish  with  no  empty  spaces  between  the 
marshmallows. 
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• Remove  the  turntable  from  the  microwave  oven. 

• Place  the  dish  in  the  centre  of  the  microwave,  and  cook  on  high  power  until  you  see  the 
marshmallows  begin  to  melt  in  various  locations. 

• Remove  the  dish  from  the  oven  and  let  it  cool. 

• Measure  the  distance  between  adjacent  melted  spots  from  centre  to  centre.  This  distance  is 
one-half  the  wavelength  of  the  microwave. 

• Calculate  the  average  distance  of  separation  for  all  the  spots. 

• Calculate  the  wavelength  by  multiplying  the  average  separation  distance  by  two. 

• Record  the  frequency  of  the  microwave  oven,  which  is  listed  on  the  door  or  back  of  the 
microwave  or  in  its  documentation. 

Observations 

Record  the  distance  of  separation  between  adjacent  melted  spots  (measured  centre  to  centre)  in  a 
table  like  this  one.  If  you  do  not  have  access  to  a microwave,  use  the  values  in  the  table. 


Measurement  Number 

Distance  of  Separation  (cm) 

1 

approx.  6.0 

2 

approx.  6.0 

3 

approx.  6.0 

4 

approx.  6.0 

microwave  frequency  = 2.5  x 10^  Hz 


Module  5:  Lesson  2 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  LAB  1,  LAB  2,  LAB  3, 
LAB  4,  LAB  5,  LAB  6,  and  LAB  7 as  part  of  your  Module  5:  Lesson  2 Assignment. 

Analysis 

LAB  1.  Calculate  the  average  distance  of  separation  for  at  least  four  measurements. 

LAB  2.  Convert  the  average  distance  from  centimetres  to  metres. 
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LAB  3.  Determine  the  microwave  wavelength. 

LAB  4.  Calculate  the  speed  of  light  in  metres  per  second  using  the  microwave’s  frequency  and 
wavelength  according  to  the  universal  wave  equation  {c  =J1). 

Conclusions 

LAB  5.  According  to  your  observations,  at  what  speed  do  microwaves  travel? 

LAB  6.  Determine  the  percentage  of  error  when  your  measured  speed  is  compared  to  the 
currently  accepted  speed  of  3.00  x 10^  m/s. 


Percent  Error  = 


I (experimental  value)-  (accepted  value  )| 


(accepted  value) 


X 100% 


LAB  7.  Why  is  the  prefix  “micro”  used  to  describe  “microwaves”? 


Discuss 


Do  light  and  all  other  classifications  of  EMR 
always  travel  at  3.00  x 10^  m/s?  This  common 
value  gives  the  speed  of  light  when  it  travels  in 
a vacuum  or  in  air.  But  what  happens  to  the 
speed  of  light  when  it  enters  water  or  a glass? 
Does  the  speed  slow  down,  speed  up,  or  stay  the 
same?  Can  it  be  stopped?  Furthermore,  if  the 
medium,  such  as  water,  in  which  light  travels  is 
moving,  can  light  travel  faster  than  3.00  x 10^ 
m/s? 


Sergey  Popov  V/shutterstock 


D 1.  See  Fizeau’s  apparatus  on  page  649  of 
your  textbook.  How  did  Fizeau’s  water 
experiment  support  the  wave  model  of  light?  Post  an  explanation  to  the  discussion  questions  to 
the  discussion  area  for  your  class. 
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Reflect  and  Connect 


When  you  look  at  the  night  sky,  you  are 
witnessing  history.  In  essence,  astronomy  is  all 
about  ancient  history.  When  you  look  at  the 
Moon,  you  are  seeing  it  as  it  existed  1.3  seconds 
in  the  past.  Light  from  the  Sun  has  to  travel  for 
eight  minutes  to  reach  Earth,  so  when  you  look 
at  the  Sun  you  are  seeing  what  it  really  looked 
like  eight  minutes  in  the  past. 


NASA,  ESA,  M.  Robberto  (Space  Telescope  Science  Institute/ESA) 
and  the  Hubble  Space  Telescope  Orion  Treasury  Project  Team 


The  following  table  shows  how  old  some  of  the  images  in  the  night  sky  are. 


Object 

Time  for  the  Light  to  Reach  Earth 

Moon 

1.3  seconds 

Sun 

8 minutes 

Jupiter 

35-52  minutes  (depending  on  orbital  positions) 

Pluto 

5.5  hours  (average) 

Alpha  Centauri  (nearest  star  system) 

4.3  years 

Sirius  (brightest  star  in  our  sky) 

9 years 

Betelgeuse  (bright  star) 

430  years 

Orion  Nebula 

1500  years 

Andromeda  Galaxy 

2.5  million  years 

According  to  this  table,  the  universe  is  so  vast  that  common  units,  such  as  the  metre,  would  be 
awkward  for  describing  the  distance  between  Earth  and  even  our  nearest  neighbouring  star 
system.  Alpha  Centauri.  In  such  cases,  distance  is  reported  in  terms  of  time — as  in  the  light  year. 
For  example,  the  Orion  Nebula,  as  seen  in  the  photo,  is  1500  light  years  away  from  Earth.  One 
light  year  is  equivalent  to  the  distance  that  light  can  travel  through  a vacuum  in  a one-year  time 
interval. 
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1 light  year  = 299  792  458  m/s  x 60  s/min  x 60  min/hr  x 24  hr/day  x 365.25  days/yr 


1 light  year  = 


299  792  458  m 
IX 


24X  365.25-d- 
1-d-  1 y 


1 light  year  = 9.460  730  x lo'^  m 

Looking  at  more  distant  objects,  such  as  the  Andromeda  Galaxy,  reveals  the  nature  of  the 
universe  as  it  existed  many  millions  of  years  ago.  Understanding  the  speed  of  light  allows  you  to 
investigate  and  understand  the  nature  and  history  of  our  universe. 


Module  5:  Lesson  2 Assignment 


Make  sure  you  have  completed  all  of  the  questions  for  the  Module  5:  Lesson  2 Assignment. 
Remember  to  submit  the  Module  5:  Lesson  2 Assignment  to  your  teacher. 


/A  Lesson  Summary 


At  the  start  of  this  lesson  you  were  asked  the  following  essential  questions; 

• How  can  you  measure  the  speed  of  light  using  another  planet? 

• How  can  you  measure  the  speed  of  light  in  a laboratory? 

• How  can  you  measure  the  speed  of  light  using  a microwave  oven? 

The  earliest  attempts  to  accurately  measure  the  speed  of  light  involved  astronomical  distances. 
The  periodic  eclipse  of  Jupiter’s  moon,  lo,  provided  the  first  reasonable  estimate  for  the  speed 
of  light  in  a vacuum. 

Years  later,  a more  accurate  measurement  of  the  speed  of  light  was  performed  by  Albert 
Michelson.  In  his  apparatus,  a rotating  mirror  was  used  to  reflect  light  to  and  from  a distant 
mirror,  allowing  the  measurement  of  very  small  time  intervals  based  on  the  periodic  rotation  of 
an  eight-sided  mirror.  Given  data  about  the  period  of  rotation  and  the  distance  separating  the 
rotating  and  fixed  mirror,  it  is  possible  to  determine  the  speed  of  light  using  v = d/t. 

In  other  experiments  it  is  possible  to  measure  the  wavelength  of  EMR  based  on  a standing  wave 
pattern,  such  as  the  one  that  exists  in  a microwave  oven.  Given  the  wavelength  and  frequency,  it 
is  possible  to  determine  the  speed  of  light  using  the  universal  wave  equation,  c =72. 

Given  that  light  and  all  other  classifications  of  EMR  travel  at  a constant  speed  in  air  or  in  a 
vacuum,  it  is  possible  to  develop  precise  technologies  for  measuring  both  terrestrial  and 
astronomical  distances. 
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Module  5^ — Wave  Theory  of  Light 


Lesson  3— Reflection 


Get  Focused 


Have  you  ever  wondered  how  a small  box  with 
one  really  bright,  white  light  can  make  the  most 
brilliant,  colourful  images  come  to  life  on  a 
movie  screen?  Many  computer-projection 
systems  and  rear-projection  televisions  use 
digital  light  processing  (DLP)  to  generate  high- 
defmition  colour  images  that  can  change  in  an 
instant.  At  the  heart  of  a DLP  television  or 
projection  system  is  a digital  micromirror 
device  (DMD). 

About  the  size  of  a postage  stamp,  a DMD  contains  several  hundred  thousand  microscopic 
mirrors  arranged  in  a rectangular  array.  Each  microscopic  mirror  is  a semiconductor-based  light 
switch  that  controls  one  pixel  in  the  image  (a  pixel  is  a single  point  in  an  image).  The 
microscopic  mirror  can  be  orientated  in  one  of  two  ways.  In  one  orientation,  the  micromirror 
will  reflect  light  from  the  bulb  through  the  lens  and  onto  a screen  to  turn  the  pixel  on.  In  the 
other  orientation,  the  microscopic  mirror  will  reflect  light  away  from  the  lens  to  an  absorber, 
effectively  turning  that  pixel  in  the  image  off.  Various  shades  of  light  are  achieved  by 
continuously  changing  the  orientation  of  the  micromirrors  between  on  and  off.  If  more  time  is 
spent  in  the  on  position,  the  pixel  becomes  brighter. 

Colour  is  introduced  by  placing  a rotating  disk 
with  colors  between  the  bulb  and  the  DMD.  A 
computer  then  controls  each  micromirror 
orientation  so  that  the  desired  colours  are 
reflected  through  the  projection  lens  at  precise 
times  as  the  colour  wheel  rotates.  The  various 
colour  images  appear  so  quickly  they  appear  to 
merge  into  one,  fluid,  full-colour  image.  You 
can  learn  more  about  the  “digital  micromirror 
device”  by  using  these  terms  in  an  Internet 
search. 


© Courtesy  of  Texas  Instruments 


Light 

Absorber 

\ 


P roj  e oti  o n 
Lens 


La  rn  p 


Tv.'o-Pixel  Arrao 


© Mikolaj  Tomczak/shutterstock 

This  projector  is  an  application  of  DLP 
technology. 
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In  digital  light  processing,  the  orientation  of  a mirror  determines  which  path  the  light  will 
follow.  It  does  this  in  a very  predictable  way,  making  it  possible  to  determine  the  orientation  of 
the  lamp,  light  absorber,  and  projection  lens.  The  placement  of  these  components  is  based  on  the 
behaviour  of  the  light  as  the  light  reflects  from  the  mirror  according  to  the  law  of  reflection.  You 
will  look  at  how  the  law  of  reflection  can  be  expressed  graphically  using  light  ray  diagrams  and, 
mathematically,  using  equations. 

In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  regular  and  diffuse  reflection? 

• What  is  the  law  of  reflection? 

• How  do  I draw  a ray  diagram,  and  what  does  it  represent? 

• How  are  images  formed  in  flat  and  curved  mirrors,  and  how  are  ray  diagrams  used  to 
predict  and  explain  their  characteristics? 


Module  5:  Lesson  3 Assignment 

Your  teacher-marked  Module  5:  Lesson  3 Assignment  requires  you  to  submit  responses  to  the 
following  questions: 

• Laboratory — LAB  1,  LAB  2,  LAB  3,  and  LAB  4 

• Assignment — A 1 , A 2,  A 3,  A 4,  and  A 5 

• Discuss — D 1 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 
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Explore 


The  Law  of  Reflection 

In  the  photo  on  the  right,  light  is  reflected  from 
a mountain  stream.  Notice  that  the  image  seen 
in  the  centre,  where  the  water  forms  a smooth, 
flat  surface,  is  very  clear.  Also  observe  that  the 
image  is  lost  near  the  edges  of  the  stream  where 
the  water  is  disturbed  by  the  shoreline.  Can  this 
help  explain  how  and  why  an  image  forms  as 
light  reflects  from  a surface? 

Light  travels  in  straight  lines,  as  you  learned  in 
Lesson  1 . The  oscillating,  perpendicular  electric 
and  magnetic  fields  propagate  at  right  angles  to 
both  fields  in  a straight  line.  This  is  called 
rectilinear  propagation.  When  the  EMR  wave 
encounters  a smooth,  flat  surface,  such  as  the 
water  in  the  centre  of  the  stream,  it  exhibits 
regular,  specular  reflection. 

Specular  reflection  can  be  illustrated  using  a ray 
diagram,  which  identifies  the  path  of  the  light 
using  arrows. 


© Image  courtesy  of  shutterstock.com 


Notice  that  the  organization  of  the  light  rays  is  maintained,  but  the  orientation  is  reversed. 

A ray  diagram  can  also  explain  why  an  image  does  not  form  near  the  sides  of  the  stream  where 
the  surface  is  rough.  This  type  of  reflection  is  called  diffuse  or  irregular  reflection. 
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Predicting  the  path  of  the  reflected  light,  for  both  regular  and  irregular  reflection,  is  based  on  the 
law  of  reflection.  The  simulation  “Light  Reflection”  on  the  Physics  30  Multimedia  DVD  will  be 
used  to  explore  the  law  of  reflection. 

• Open  the  Light  Reflection  simulation,  and  select  one  mirror  ( <§)  one  mirror  ) mode. 

• Click  the  “Show  Calcs”  button  ( Show  Calcs  )•  A box  with  the  0m  and  0out  values  will 
appear. 

normal  line:  a 

straight,  dashed  line 
drawn  perpendicular 
to  the  mirror  surface 
at  the  point  of 
reflection 

incident  ray:  an 

incoming  ray  of  light 

reflected  ray:  an 

outgoing  ray  of  light 

©in:  the  angle 
between  the  incident 
ray  and  the  normal 
line 

©out:  the  angle 
between  the  reflected 
ray  and  the  normal 
line 

and  0out  for  five  different  rays  when  the  mirror  is  at  various  angles  or  positions.  Record  your 
observations. 


You  should  see  an  image  similar  to  the  one  shown  here.  Take  note  of 
the  labels  and  definitions  that  do  not  appear  on  the  simulation  display. 


mirror 


Module  5:  Lesson  3 Assignment 

Remember  to  submit  your  answers  to  LAB  1 and  LAB  2 to  your  teacher 
as  part  of  your  Module  5:  Lesson  3 Assignment. 

LAB  1.  The  mirror  angle  can  be  adjusted  using  the  angle  slider 

Adjust  the  mirror  position  by  clicking  and  dragging  the 
mirror  on  the  screen. 

Adjust  the  position  and/or  angle  of  the  mirror.  Record  the  values  for  0m 


0'm 
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LAB  2.  The  law  of  reflection  is  one  of  the  most  basic  of  all  laws  in  optics.  It  relates  the  angle  of 
incidence  to  the  angle  of  reflection.  On  the  basis  of  the  investigation  that  you  just  performed, 
state  the  law  of  reflection. 


Try  This 


TR  1.  Two  mirrors  are  joined  at  a 120°-angle  (as  shown  in  the  diagram).  An  incident  ray 
contacts  the  first  mirror  at  an  angle  of  65°  to  the  normal.  Calculate  the  angle,  A,  that  the  ray  has 
with  respect  to  the  normal  line  of  the  second  mirror.  Hint:  Remember  that  the  sum  of  the  interior 
angles  in  a triangle  is  180°. 


TR  2.  Orient  both  mirrors  so  that  multiple  reflections  occur  and  the  final  reflected  ray  is  still 
travelling  in  its  original  direction.  How  must  the  mirrors  be  oriented  for  this  to  happen? 


TR  3.  Orient  the  mirrors  so  that  they  meet  at  a right  angle  (as  shown  in  the  ray  diagram  given). 
Mirrors  in  this  configuration  form  what  is  called  a comer  reflector.  Position  the  mirrors  so  that  a 
multiple  reflection  occurs  (e.g.,  the  ray  hits  both  surfaces),  but  be  sure  to  maintain  the  90° 
orientation  between  the  mirrors.  What  special  property  does  the  direction  of  the  reflected  ray 
have? 


31 


Wave  Theory  of  Light 


TR  4.  Comer  reflectors  are  commonly  used  in  reflective  tape  on  clothing  and  in  roadside 
reflectors.  Explain  why  this  technology  is  particularly  effective  for  nighttime  visibility 
applications. 


Read 


Read  “The  Law  of  Reflection”  on  pages  653-654  in  your  textbook. 


Try  This 


TR  5.  Why  is  the  angle  of  incidence  and  reflection  measured  from  the  normal  instead  of  from 
the  mirror’s  surface?  (Hint:  Look  at  the  specular  reflection  and  diffuse  reflection  diagrams.) 


Image  Formation  in  Plane  Mirrors 

Ray  diagrams,  similar  to  those  that  have  been  used  in  the  previous  activities,  can  illustrate  the 
process  of  image  formation.  Consider  two  light  rays  originating  from  the  top  of  a tree  by  a 
smooth  lake.  Constmcting  a ray  diagram  that  illustrates  the  law  of  reflection  predicts  that  an 
image  of  the  tree  will  form  upside  down.  The  dotted  lines  “appear”  to  your  eyes  to  be  rays  of 
light  from  the  image,  but  they  don’t  actually  come  from  the  image.  Since  the  two  light  rays  only 
appear  to  have  originated  from  a single  point,  the  image  formed  in  this  ray  diagram  is  said  to  be 
a “virtual  image.” 


Any  image  formed  by  a plane  mirror  is  a virtual  image.  Its  orientation  and  size  may  be  predicted 
by  constructing  a simple  ray  diagram  based  on  the  law  of  reflection. 

Try  This 


TR  6.  Complete  "QuickLab"  on  page  655  of  your  textbook.  Answer  questions  1,  2,  3,  and  4. 
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TR  7.  Using  page  656  of  your  textbook,  complete  the  following  table  by  defining  each  image 
characteristic  for  plane  mirrors.  The  definitions  are  found  in  the  text  and  in  “Table  13.2”  in  the 
textbook.  “Table  13.2”  gives  you  vocabulary  you  should  use  when  discussing  these 
characteristics. 


Image  Characteristic 

Definition 

magnification 

attitude 

position 

real  image 

virtual  image 

Image  Formation  for  Curved  Mirrors 

Images  formed  by  curved  mirrors  look  different 
than  those  from  flat  mirrors.  The  process  of 
image  formation,  however,  is  easily 
demonstrated  graphically  by  ray  diagrams,  or 
mathematically  using  equation,  both  of  which 
obey  the  law  of  reflection. 


Similar  to  flat  mirrors,  the  real  or  virtual  image 
produced  by  a curved  surface  can  be  described 
by  magnification,  attitude  (erect  or  inverted), 
and  position.  A curved  mirror  can  be  formed  by 
cutting  off  a section  of  a spherical  mirror.  The 

• j ^ 11,  . . _ , © Danger  Jacobs  /shutterstock 

inside  surface  would  be  a converging  mirror.  It 

has  a concave  surface  that  reflects  rays  to  a central  focal  point.  The  outside  surface  would  be  a 
diverging  mirror.  It  has  a convex  surface  that  causes  the  reflected  light  to  spread  out.  See 
"Figure  13.38"  on  page  659  in  your  textbook. 


Read 


Read  “Image  Formation  in  a Curved  Mirror”  on  page  657  of  your  textbook. 
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TR  8.  Using  “Figure  13.36”  on  page  657  of  your  textbook  as  a guide,  complete  the  following 
table: 


Term 

Definition 

centre  of  curvature  (C) 

radius  of  curvature  (r) 

vertex  (V) 

principal  axis  (PA) 

principal  focal  point  (F) 

focal  length  (/) 

Ray  diagrams  can  be  used  to  explain  and  predict 
how  an  image  forms  in  a curved  mirror.  Similar 
to  that  of  a flat  mirror  ray  diagram,  several  rays 
are  sketched  to  determine  the  location,  size, 
orientation,  and  type  of  image.  Generally,  three 
rays  are  used  to  follow  the  path  of  the  light. 

Note  that  there  are  many  rays  that  make  the 
image,  but  only  a few  rays  are  required  to 
identity  its  location  and  characteristics. 


ray  1 

ray2 

ray 

9 

object 

image 

© F.  Hwang,  NTNU  JAVA  Virtual  Physics  Laboratory.  Used  with 
permission. 


In  the  ray  diagram  for  a concave  mirror  on  the  right,  ray  1 travels  parallel  to  the  principal  axis 
and  is  reflected  through  the  mirror’s  focal  point.  Ray  2 is  incident  to  the  mirror’s  vertex.  At  the 
vertex,  the  surface  of  the  mirror  is  perpendicular  to  the  principal  axis,  so  the  angles  of  incidence 
and  reflection  are  equal.  Ray  3 travels  through  the  focal  point  and  is  reflected  parallel  to  the 
principal  axis.  These  guidelines  for  drawing  ray  diagrams  are  summarized  in  the  following 
table. 


Ray  Number 

Incident  Ray 

Reflected  Ray 

1 

parallel  to  principal  axis 

through  F 

2 

to  vertex 

0r=0i 

3 

through  F 

parallel  to  principal  axis 

A real  image  is  formed  where  the  rays  meet,  or  converge.  A virtual  image  is  formed  if  the  rays 
“appear”  to  have  converged  at  some  point. 

The  image  in  this  figure  is  real  (the  light  rays  converge  at  the  image),  inverted  (upside  down 
relative  to  the  object),  diminished  in  size,  and  located  beyond  the  focal  point. 
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A simulation  will  be  used  to  explore  the  image  characteristics  for  both  concave  and  convex 
mirrors. 


Module  5:  Lesson  3 Assignment 

Remember  to  submit  your  answers  to  LAB  3 and  LAB  4 to  your  teacher  as  part  of  your 
Module  5;  Lesson  3 Assignment. 

LAB  3.  Go  to  the  Physics  30  Multimedia  DVD  and  open  the  “Thin  Lens”  simulation.  Then 
select  “Mirror”  from  the  drop-down  menu. 


© F.  Hwang,  NTNU  JAVA  Virtual  Physics  Laboratory.  Used  with  permission. 


Click  the  object  arrow  and  move  it  to  various  locations  on  the  principal  axis.  Using  the 
simulation  as  a guide,  draw  ray  diagrams  and  describe  the  image  characteristics  when  the  object 
is  located  at  the  positions  listed  in  Table  1. 

Table  1:  Using  Ray  Diagrams  to  Predict  Image  Characteristics:  Converging  Mirror 
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© F.  Hwang,  NTNU  JAVA  Virtual  Physics  Laboratory.  Used  with  permission. 
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LAB  4.  Switch  the  mirror  in  the  simulation  to  a diverging,  convex  mirror  by  making  the  focal 
length  negative  1 - 1 . Complete  Table  2.  For  image  characteristics,  record  real  or  virtual, 
attitude,  magnification,  and  position  relative  to  mirror  surface. 

Table  2:  Using  Ray  Diagrams  to  Predict  Image  Characteristics:  Diverging  Mirror 


© F.  Hwang,  NTNU  JAVA  Virtual  Physics  Laboratory.  Used  with  permission. 


Read 

Read  pages  658-659  of  your  textbook  for  more  explanation  and  help  drawing  ray  diagrams. 

Note  that  in  the  textbook,  the  ray  through  the  vertex  is  replaced  with  a ray  through  the  centre 
point. 

The  Mirror  Equation 

Ray  diagrams  are  a useful  tool  for  revealing  image  characteristics  using  the  law  of  reflection  and 
basic  geometry.  This  same  tool  can  also  be  used  to  derive  a mathematical  equation  for  finding 
and  identifying  image  characteristics.  The  derivation  of  the  mirror  equation  can  be  seen  on 
pages  661-662  of  your  textbook. 
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The  mirror  equation  relates  the  focal  length  of  a curved  mirror  to  the  image  and  object 
positions. 


Expressed  as  an  equation,  it  is  as  follows: 


d d.:  f 


Quantity 

Symbol 

SI 

Unit 

object  position  relative  to 
the  vertex 

do 

m 

image  position  relative  to 
the  vertex 

di 

m 

focal  length 

f 

m 

The  image  and  object  characteristics  are  also  described  in  these  equations  using  sign 
conventions. 

• Positive  distances  describe  real  images  and  objects. 

• Negative  distances  describe  virtual  images  and  objects. 

• Converging  mirrors  have  a real  focal  length  that  is  positive. 

• Diverging  mirrors  have  a virtual  focal  length  that  is  negative. 

Magnification  is  the  ratio  of  the  image  height  to  the  object  height.  A negative  sign  is  used  to 
accommodate  the  preceding  sign  conventions. 

• Negative  height  describes  an  inverted  image  or  object. 

• Positive  height  describes  an  upright  image  or  object. 


Quantity 

Positive  if 

Negative  if 

Attitude 

h 

erect 

inverted 

Image 

Type 

d 

real 

virtual 

Mirror 

Type 

f 

converging 

(convex) 

diverging 

(concave) 

Note:  If  the  image  type  is  real,  the  mirror  type  must  be  convex. 
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Read 


See  “Example  13.2”  on  page  664  of  the  textbook  for  an  example  of  how  to  use  the  mirror 
equation. 


Module  5:  Lesson  3 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  A 1,  A 2,  A 3,  A 4,  and  A 5 as 
part  of  your  Module  5:  Lesson  3 Assignment. 

A 1.  Complete  “Concept  Check”  questions  1 and  2 on  page  662  of  your  textbook. 

A 2.  A converging  mirror  has  a focal  length  of  20  cm.  The  object  is  placed  30  cm  in  front  of  the 
mirror.  Where  will  the  image  appear? 

A 3.  A diverging  mirror  has  a focal  length  of  0.12  m.  The  image  is  located  0.070  m from  the 
mirror.  Where  is  the  object  located? 

A 4.  A student  places  a 5.0-cm-tall  object  15  cm  away  from  a converging  mirror.  The  image  is 
12  cm  from  the  mirror.  What  is  the  height  and  orientation  of  the  image? 

A 5.  A 1.5-cm-tall  object  is  placed  12  cm  away  from  a converging  mirror.  The  image  is 
magnified  to  four  times  its  original  height  and  is  inverted.  What  is  the  mirror’s  focal  length? 

Discuss 

The  Newtonian  telescope  is  also  known  as  the  poor  man’s  telescope.  It  is  a reflecting  telescope 
that  was  invented  by  Sir  Isaac  Newton  in  1689.  It  consists  of  a large  tube  open  at  one  end  with  a 
large  converging  mirror  at  the  opposite  end.  Light  from  a distant  object  enters  the  tube  and  is 
reflected  from  the  surface  of  the  large,  concave,  primary  mirror.  The  reflected  light  is  then 
incident  on  a small,  flat,  secondary  mirror  that  redirects  the  light  into  an  eyepiece  for  viewing. 
The  geometric  location  of  the  secondary  mirror  is  related  to  the  curvature  of  the  primary  mirror. 


Module  5:  Lesson  3 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  complete  question  D 1 as  part  of  your 
Module  5:  Lesson  3 Assignment. 

D 1.  Work  with  another  student  to  determine  where,  exactly,  the  secondary  mirror  should  be 
placed  so  that  the  telescope  produces  a clear  image  of  the  distant  object.  Use  a ray  diagram  to 
answer  this  question,  and  design  an  experiment  to  determine  the  focal  length  of  the  large, 
primary  mirror.  Your  design  should  include  the  problem,  prediction,  materials,  procedure,  and 
analysis  required  to  answer  the  problem. 
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Reflect  and  Connect 


Large  reflecting  telescopes  are  related  to 
television  projection  systems  by  the  law  of 
reflection.  They  are  both  examples  of 
technology  based  on  the  law  of  reflection.  Can 
you  think  of  other  devices  designed  around  the 
law  of  reflection?  Can  these  devices  be 
understood  easily  with  ray  diagrams?  For 
example,  mirrors  work  well  to  reflect  visible 
light,  but  are  there  other  materials  that  act  like 
mirrors  for  other  types  of  EMR,  such  as  those 
used  for  radar  and  satellite  communication? 

The  photo  on  the  right  shows  a satellite 
communication  dish.  Notice  that  it  is  very 
similar  in  style  to  that  of  a Newtonian  telescope. 
Can  you  tell  where  the  focal  point  is?  What  kind 
of  an  “image”  forms  there? 

Satellite  dishes  are  a good  illustration  of  how 
much  technology  has  evolved  over  the  last  300 
years  without  deviating  from  the  laws  of 
reflection. 


Robert  Glusic/Photodisc/Getty  Images 


Module  5:  Lesson  3 Assignment 


Remember  to  submit  the  Module  5:  Lesson  3 Assignment  to  your  teacher. 


Lesson  Summary 

At  the  start  of  this  lesson  you  were  asked  the  following  essential  questions: 

• What  is  regular  and  diffuse  reflection? 

• What  is  the  law  of  reflection? 

• How  do  I draw  a ray  diagram,  and  what  does  it  represent? 

• How  are  images  formed  in  flat  and  curved  mirrors,  and  how  are  ray  diagrams  used  to 
predict  and  explain  their  characteristics? 
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Specular  (regular)  and  diffuse  reflection  can  be  illustrated  using  ray  diagrams,  which  use  arrows 
to  identify  the  path  of  the  light. 


All  reflections  are  governed  by  the  law  of  reflection,  which  states  that  the  angle  of  incidence  is 
equal  to  the  angle  of  reflection  measured  from  the  normal  to  the  surface. 

Ray  diagrams  are  based  on  the  law  of  reflection,  which  states  that  the  angle  of  reflection  relative 
to  the  normal  line  is  equal  to  the  angle  of  incidence  relative  to  the  normal  line.  Ray  diagrams  are 
used  to  predict  the  position  and  characteristics  of  images  in  both  plane  (flat)  and  curved  mirrors. 

Images  are  defined  by  their  magnification  (relative  to  the  object),  attitude  (up  or  down  relative 
to  the  principal  axis),  and  position  (relative  to  the  mirror  surface).  They  are  also  classified  as 
being  real,  where  light  rays  converge,  or  virtual,  where  light  rays  only  appear  to  have 
converged. 

The  mirror  equation  also  describes  image  formation.  It  is  based  on  the  geometry  of  ray  diagrams 
and  relates  the  focal  length  of  a curved  mirror  to  the  image  and  object  positions  according  to 

^ ^ addition,  the  magnification  of  an  image  is  the  ratio  of  the  image  height  to  the 

object  height  according  to  m=  -^=  — ^ . Positive  and  negative  sign  conventions  are  used  in 
conjunction  with  these  equations  to  describe  all  the  characteristics  of  the  image. 

Many  of  today’s  modem  technologies  have  evolved  from  our  understanding  of  reflection. 

Digital  light  processing,  telescopes,  and  satellite  dishes  are  all  excellent  applications  of  the  law 
of  reflection. 
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Lesson  Glossary 

incident  ray:  an  incoming  ray  of  light 

normal  line:  a straight,  dashed  line  drawn  perpendicular  to  the  mirror  surface  at  the  point  of 
reflection 

reflected  ray:  an  outgoing  ray  of  light 

0\  (6>in):  the  angle  between  the  incident  ray  and  the  normal  line 
Ox  (0out):  the  angle  between  the  reflected  ray  and  the  normal  line 
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Module  5 — Wave  Theory  of  Light 


Lesson  4— Refraction 


Get  Focused 


Look  very  closely  at  these  photos.  The  drinking  straws  appear  to  be  disconnected,  or  shifted 
horizontally  where  they  exit  the  water.  When  the  straws  are  removed  from  the  water,  they  are 
straight. 

Try  this  now  if  you  have  a clear  glass  and  some  water.  Partially  submerge  various  objects.  You 
will  find  that  any  partially  submerged  object  will  appear  to  disconnect  or  shift  at  the  water  line. 


This  visual  effect  is  caused  by  refraction,  a process  that  occurs  as  light,  or  any  other  form  of 
EMR,  passes  from  one  medium  to  another.  In  this  example  the  light  reflected  from  the  straw 
passes  from  water  into  air,  where  you  observe  refraction.  As  light  moves  from  the  water  into  the 
air,  it  undergoes  refraction,  which  is  a change  in  its  direction. 
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In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  the  eause  of  refraetion? 

• What  is  an  index  of  refraetion,  and  how  does  Snell’s  Law  use  it  to  describe  refraction 
mathematically? 

• What  is  total  internal  reflection?  How  does  it  relate  to  the  critical  angle? 

• How  does  a prism  produce  a rainbow,  and  how  is  a prism  similar  to  a natural  rainbow? 


Module  5:  Lesson  4 Assignment 

Your  teacher-marked  Module  5:  Lesson  4 Assignment  requires  you  to  submit  responses  to  the 
following: 

• Laboratory — LAB  1,  LAB  2,  LAB  3,  LAB  4,  LAB  5,  LAB  6,  and  LAB  7 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 


Refraction  is  a change  in  the  direction  of  a light 
wave  caused  by  a change  in  its  speed  as  the 
light  wave  passes  at  an  angle  from  one  medium 
to  the  next.  In  the  ray  diagram  example,  a light 
ray  is  incident  on  the  surface  of  water.  Some  of 
the  light  is  reflected  and  some  of  the  light  slows 
down  as  it  enters  the  water  and  is  refracted. 

According  to  the  law  of  reflection,  the  angle  of 
reflection  is  identical  to  the  angle  of  incidence. 
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The  angle  of  refraction,  however,  is  not  the  same  as  the  angle  of  incidence.  It  is  determined  by 
Snell’s  Law.  The  simplest  way  to  write  SnelTs  Law  is  as  follows: 

^ incident  ^ ^ where  n is  the  index  of  refraction 

^^'^^efracted 

The  simple  form  of  Snell’s  Law  assumes  that  the  medium  the  light  is  leaving  is  air.  The 
refractive  index  of  air  is  1.0003,  which  is  close  to,  and  usually  assumed  to  be  the  same  as,  the 
refractive  index  of  a vacuum  {n  = 1.000).  This  is  true  because  the  speed  of  light  in  air  is  nearly 
identical  to  its  speed  in  a vacuum  so,  as  it  passes  from  air  into  a vacuum,  it  is  only  refracted  by  a 

very  small  amount,  making  the  ratio  of  the  incident  j amount  of  refraction  in 

refracted 

Other  materials,  as  light  enters  them  from  air  or  a vacuum,  is  much  more  and  leads  to  higher 
indexes  of  refraction.  Therefore,  the  index  of  refraction  is  a relative  measure  of  how  much  the 
light  changes  speed  and  is  bent  as  it  moves  between  two  mediums. 


Table  1:  Absolute  Refractive  Indexes  of 
Some  Common  Materials 


Medium 

Index  of 

Refraction 

vacuum 

1.0000 

air 

1.0003 

ice 

1.31 

water 

1.33 

quartz  glass 

1.47 

crown  glass 

1.52 

Incite 

(plexiglass) 

1.52 

diamond 

2.42 

refraction:  a change  in  the  direction  of  a 
wave  due  to  a change  in  its  speed 

Snell’s  Law:  for  any  angle  of  incidence 
greater  than  zero,  the  ratio  of 

^incident  _ ^ 

^refracted 

refractive  index:  a ratio  comparing  the  speed 
of  light  in  a vacuum  to  its  speed  in  a given 
medium 
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Try  This 


TR  1.  Based  on  Table  1,  in  whieh  medium  is  light  most  refracted  as  it  enters  the  medium  from 
air? 


A useful  rule  of  thumb  to  remember  concerns  how  light  bends  as  it  either  enters  a region  of 
increased  refractive  index  or  vice  versa.  You  can  discover  this  rule  using  the  “Light  Refraction” 
simulation  on  the  Physics  30  Multimedia  DVD. 

Once  the  simulation  is  open,  do  the  following: 

• Click  the  “Add”  button  ( ).  This  will  add  a second  medium  to  the  display  window 

(medium  1 and  medium  2),  both  with  a refractive  index  {n)  = 1.0. 

• Double-click  anywhere  in  the  bottom  layer  and  enter  the  refractive  index  {n)  of  water 
1.33. 

• Click  and  drag  the  laser  into  the  top  layer.  Next,  click  the  tip  of  the  laser  and  point  it  down 
into  the  water  layer.  Vary  the  angle  of  the  beam  by  adjusting  the  laser’s  direction.  Note  the 
way  in  which  the  light  bends  as  it  enters  the  denser  (water)  layer.  (Toward  or  away  from 
the  normal?) 

• Move  the  laser  pointer  to  the  water  layer  and  point  it  upward  into  the  air  layer.  Vary  the 
angle  and  note  the  way  in  which  the  light  bends  as  it  enters  the  rarer  (air)  layer.  (Toward 
or  away  from  the  normal?) 


w 

V Module  5:  Lesson  4 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  question  LAB  1 
as  part  of  your  Module  5:  Lesson  4 Assignment. 

LAB  1.  Use  the  “Light  Refraction”  simulation  on  the  Physics  30 
Multimedia  DVD  to  determine  the  answer  to  the  following  two 
questions: 

a.  When  light  travels  from  a low-index  medium  (fast)  into  a high- 
index  medium  (slower),  does  the  ray  bend  toward  or  away  from 
the  normal? 


b.  When  light  travels  from  a high-index  (slower)  medium  into  a low-index  (fast)  medium, 
does  the  light  ray  bend  toward  or  away  from  the  normal? 
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Self-Check 

SC  1.  A laser  is  directed  into  a pool  of  water  (^7water  = 1.33).  The  beam  contacts  the  air-water 
interface  with  an  angle  of  incidence  equal  to  35.0°.  Using  the  simple  form  of  Snell’s  Law, 
calculate  the  angle  of  refraction  (relative  to  the  normal)  with  which  it  travels  through  the  water. 
Show  your  calculations  and  label  the  ray  diagram  showing  the  angle  of  incidence  and  angle  of 
refraction.  Verify  your  answer  using  the  Light  Refraction  simulation. 

Check  your  work  with  the  answers  in  the  Appendix. 

A More  General  Form  of  Snell’s  Law 

The  general  form  of  Snell’s  Law  is  used  to  describe  the  change  in  direction  of  light  when  it 
moves  between  any  two  media  and  not  just  out  of  air.  The  Light  Rerfraction  simulation  will  be 
used  to  determine  the  general  form  of  Snell’s  Law. 


Module  5:  Lesson  4 Assignment 


Remember  to  submit  your  answer  to  LAB  2 to  your  teacher  as  part  of  your  Module  5:  Lesson  4 
Assignment. 

LAB  2.  Return  to  the  Physics  30  Multimedia  DVD.  Set  up  the  Light  Refraction  simulation  with 
two  refractive  layers.  You  will  need  to  vary  the  refractive  index  for  each  layer  and  the  angle  of 
the  light  ray  in  order  to  complete  Table  2.  Select  “Show  Calcs”  ( ^ Show  Calcs  ) to  assist  in 
recording  angles.  Get  as  close  to  the  ^in  as  you  can,  but  record  the  actual  value  that  you  use. 

Table  2:  Refraction  Data 


m 

^in 

fiisin^in 

ni 

HI^QIIIII 

«2sin^out 

1.20 

45° 

_ 

1.40 

_ 

_ 

1.30 

32° 

_ 

1.66 

_ 

_ 

1.45 

45° 

_ 

1.23 

- 

_ 

1.51 

o 

O 

- 

1.00 

_ 

_ 

1.65 

45° 

- 

1.80 

- 

- 

According  to  your  data  in  Table  2,  which  two  values  are  always  equal  to  one  another? 
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Snell’s  Law:  The  general  form  of  Snell’s  Law  relates  the  ratio  of  the  indexes  of  refraction  to  the  ratio  of 
the  sine  of  the  angles  of  incidence  and  refraction. 

Expressed  as  an  equation, 

sin  6^ 
sin  ^2 


Quantity 

Symbol 

SI  Unit 

refractive  index  of  the  first  medium  | 

n\ 

coefficient  (no  units) 

refractive  index  of  the  second  medium  | 

ni 

coefficient  (no  units) 

angle  of  incident  (measured  from  the  normal)  | 

0\ 

degrees 

angle  of  refraction  (measured  from  the  normal)  | 

O2 

degrees 

Try  This 


TR  2.  Snell’s  Law  may  also  be  written  as  /2isin0i  = Does  the  data  collected  in  Table  2 

support  the  general  form  of  Snell’s  Law?  Explain  and  provide  two  sample  calculations  to 
support  your  explanation. 


Self-Check 


SC  2.  A laser  is  submerged  in  oil  {rioii  = 1.48)  and  directed  into  a pool  of  water  (^water  = L33) 
with  an  angle  of  incidence  equal  to  35.0°.  Calculate  the  angle  of  refraction.  Show  your 
calculations  and  use  the  Light  Refraction  simulation  to  verify  your  answer. 

Check  your  work  with  the  answers  in  the  Appendix. 


Try  This 


TR  3.  Complete  “Practice  Problems"  1^  on  page  668  of  your  textbook. 

Snell’s  Law  can  be  expanded  when  you  consider  light  as  a transverse  wave.  In  the  expanded 
form,  frequency,  wavelength,  and  speed  are  related  according  to  the  following  equation: 

sin  «2 

sin  $2  V2  A2 
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Read 


Read  “Snell’s  Law,  Refraction,  and  Wavelength”  on  pages  669-670  for  a derivation  of  this 
equation  based  on  the  transverse  wave  model  of  EMR. 


Try  This 


TR  4.  Complete  “Practice  Problems”  1(a),  1(b),  2,  and  3 on  page  670  of  your  textbook.  Note: 
Index  of  refraction  values  are  given  on  page  667. 


LAB:  Determining  the  Refractive  Index  of  a Variety  of  Materials 


Retrieve  your  copy  of  the  Module  5:  Lesson  4 Assignment. 

Read  “Inquiry  Lab”  on  page  67 1 of  your  textbook  before  performing  this  lab.  See  the  two 
images  that  follow  to  collect  your  observations.  The  same  wavelength  of  light  was  used.  The 
lines  are  coloured  to  let  you  match  the  incident  ray  with  the  refracted  ray.  The  semi-circular  dish 
(light  blue)  is  placed  on  a circular  polar  paper  that  acts  like  a 360°  protractor.  The  polar  paper 
has  a radial  line  every  ten  degrees.  You  will  have  to  use  a real  protractor  to  measure  or  you  will 
estimate  the  values  between  the  lines. 


Note:  Don’t  forget  to  measure  your  angles  from  the  normal  to  the  surface. 


Water  Refractions 


Ethanol  Refractions 
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Problem 

What  are  the  refractive  indexes  of  water  and  ethanol? 

Materials 

• polar  coordinate  paper 

• graphing  paper 

• water 

• ethanol 

• single-slit  ray  box  or  laser 

• semicircular  plastic  dish 

Procedure 

Follow  the  Procedure  on  page  671  of  your  textbook.  If  you  do  not  have  access  to  a supervised 
laboratory,  use  the  diagrams  to  fill  in  the  table  and  to  answer  the  questions  that  follow. 

Observations 


Module  5:  Lesson  4 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  LAB  3,  LAB  4,  and  LAB  5 as 
part  of  your  Module  5:  Lesson  4 Assignment. 

LAB  3.  Use  the  Water  Refractions  diagram  and  the  Ethanol  Refractions  diagram  to  gather  data 
regarding  water  refractions  and  ethanol  refractions.  Record  your  data  for  water  refractions  and 
your  data  for  ethanol  refractions  in  a table  like  the  following.  (Note:  You  will  need  two  tables.) 


ex 

1^111 

sin  0\ 

sin  02 

s\n0^ 

s\n02 

10 

20 

30 

40 

50 

60 

70 

50 


Refraction 


Graph 

LAB  4.  Plot  a graph  of  the  sine  of  the  angle  of  ineidence  versus  sine  of  the  angle  of  refraction. 
Plot  a line  for  water  and  a line  for  ethanol.  Calculate  the  slope  of  each  line  on  this  graph. 

Calculations  and  Questions 

LAB  5.  Complete  “Analysis”  questions  3-8  on  page  671  of  your  textbook. 

Total  Internal  Reflection 

According  to  the  second  rule  of  thumb  for  refraction,  when  light  travels  from  a high-index, 
optically  dense  slow  medium  into  a low-index,  optically  les  dense  faster  medium,  the  ray  bends 
away  from  the  normal.  If  the  angle  of  refraction  reaches  or  exceeds  90°,  the  beam  is  unable  to 
escape  the  high-index  medium.  This  phenomenon  is  called  total  internal  reflection  and  it  can 
be  demonstrated  using  the  Light  Refraction  simulation. 

total  internal  reflection:  the  reflection  of  a wave  that  is  travelling  from  a high- index  medium 
into  a low-index  medium  at  an  angle  equal  to  or  greater  than  the  critical  angle 


Module  5:  Lesson  4 Assignment 


Return  to  the  Module  5 Assignment  Booklet  and  complete  question 
LAB  6 as  part  of  your  Module  5:  Lesson  4 Assignment. 

LAB  6.  Using  the  “Light  Refraction”  simulation  on  the  multimedia 
DVD,  set  the  refractive  index  of  the  top  layer  to  equal  1.00  and  the 
refractive  index  of  the  bottom  layer  to  equal  1.33.  Position  the  laser 
pointer  in  the  bottom  layer  near  the  left  side  and  project  it  upward  (as 
shown  on  the  right). 


a.  Complete  Table  3 by  rotating  the  laser  pointer  to  the  angles  specified  and  calculating  the 
angle  of  refraction  using  Snell’s  Law.  (It  has  been  manipulated  to  solve  for  the  angle  of 
refraction.)  Note:  Refraction  will  not  occur  for  all  the  angles  in  the  table. 
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Table  3:  Total  Internal  Reflection  Data 


0i 

t slnO.  (1.33) 
(1.00) 

02 

35° 

o 

O 

45° 

o 

o 

55° 

b.  What  is  the  maximum  possible  angle  of  incidence  that  still  causes  refraction?  Describe 
what  happens  to  the  ray  of  light  if  the  angle  of  incidence  exceeds  this  value. 


critical  angle:  for  any  two  mediums,  the  size 
of  the  incident  angle  that  causes  the  angle  of 
refraction  to  be  90° 


The  maximum  possible  angle  of  incidence  that 
will  still  cause  refraction  is  known  as  the 
critical  angle.  The  critical  angle  can  be 
calculated  by  assuming  the  angle  of  refraction 

is  90°.  At  this  point,  the  ray  is  refracted  parallel  to  the  interface  between  the  mediums.  Any 
increase  in  the  incident  angle  will  cause  the  refracted  ray  to  no  longer  refract  but  to  bounce,  or 
reflect,  back  into  the  higher  index  medium. 


Read 

Read  “Total  Internal  Reflection”  on  pages  672-673  of  your  textbook  for  more  information  on 
critical  angles. 


Try  This 


TR  5.  Manipulate  Snell’s  Law  to  give  an  expression  that  will  solve  for  the  critical  angle: 


'h  sin  90° 


TR  6.  Calculate  the  critical  angle  for  water.  Is  this  critical  angle  supported  by  the  data  collected 
in  Table  3?  Verify  your  answer  using  the  “Light  Refraction”  simulation  on  the  Physics  30 
Multimedia  DVD. 
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Applications  of  Total  Internal  Reflection:  Light  Pipes  and  Mirages 


Light  pipes  (and  fibre  optics)  are  very  common  in  medicine,  science,  and  industry.  They  work 
by  trapping  light  using  total  internal  reflection.  You  can  easily  produce  a light  pipe  using  a long 
Lucite  rod.  Lucite  is  a common  type  of  plastic  that  has  a relatively  high  index  of  refraction  at 
1.49. 


SIM  1.  Use  the  “Light  Medium  3 n = ^.Q 


Refraction”  simulation 

on  the  multimedia  DVD  Medium  4 n = 1.0 

to  build  a light  pipe 
similar  to  that  shown 

here.  Position  the  laser  Medium  S.n, -...1.,_49 

pointer  in  the  Lucite 

layer  (n  = 1 .49)  and  Medium  6 n = ^.0 

point  it  so  that  total 

internal  reflection  occurs.  Explain  how  it  traps  the  light. 


SIM  2.  Suppose  you  submerged  your  Lucite  light  pipe  in  water.  Would  that  improve  or  degrade 
the  performance  of  your  light  pipe?  Explain. 


An  old  joke  says,  “Is  that  a mirage  or  am  I 
seeing  things?”  In  fact,  a mirage  is  not  an 
optical  illusion.  You  really  are  seeing  something 
when  you  see  a mirage.  One  of  the  most 
common  mirages  is  the  wet  appearance  of  a 
prairie  road  or  field  on  a hot  summer  day.  This 
happens  because  the  air  layer  above  the  ground 
is  very  hot  and  has  a slightly  lower  refractive 
index  than  the  cooler  air  Just  above  it.  Such  a 
refractive  index  gradient  is  illustrated  by  the 
following  ray  diagram  and  observed  in  the 
photo  on  the  right. 


53 


Wave  Theory  of  Light 


SIM  3.  Mirage  conditions  can  be  set  up  in  the  Light  refraction  simulation.  Use  the  laser  pointer 
as  the  Sun  and  set  up  multiple  layers  with  the  upper  layer  having  the  highest  index  of  refraction 
and  the  lower  ones  with  progressively  smaller  indexes  of  refraction.  Can  you  produce  a mirage? 
What  are  you  seeing  when  you  think  you  are  seeing  water  on  the  road?  Sketch  how  this  mirage 
is  formed.  Why  do  you  see  a mirage?  See  “Figure  13.45”  on  page  667  of  your  textbook. 

The  Refraction  of  White  Light  in  a Prism:  Dispersion 

Triangular  prisms  can  be  used  to  separate  white  light  in  its  spectral  components  (colours).  This 
occurs  because  the  angle  of  refraction  depends  on  the  index  of  refraction,  which  is  unique  for 
each  wavelength. 

Recall  that  in  the  expanded  form  of  Snell’s  Law,  the  wavelength  and  index  of  refraction  are 
related  to  one  another  as  follows: 


-^2 


When  any  light  wave  enters  the  prism  from  the  air,  its  wavelength  is  compressed  as  it  slows 
down.  And  since  the  refractive  index  of  air  (ni)  is  equal  to  1.0,  the  ratio  of  the  wavelength 
before  and  after  the  refraction  determines  the  refractive  index  of  the  medium  for  each 
wavelength. 


Given  that  white  light  is  made  up  of  many 
different  wavelengths,  or  colours,  each  one  will 
refract  at  a slightly  different  angle  causing  them 
to  emerge  at  different  points,  effectively 
separating  the  colours  and  producing  a 
spectrum.  To  illustrate  and  explore  this  process, 
a ray  diagram  and  some  basic  triangle 
mathematics  are  required. 

Recall  the  basic  properties  of  all  triangles: 

• The  sum  of  the  interior  angles  in  a 
triangle  is  180°.  According  to  the  noted 
triangle,  a + b + c = 1 80°. 

• The  complimentary  angles  are  angles  that  add  to  form  a 90°  angle  or  right  angle. 

• The  supplementary  angles  are  angles  that  add  to  form  a 1 80°  angle  or  a straight  angle. 


Triangle  math  can  be  used  to  complete  the  following  problems. 
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Try  This 


TR  7.  In  the  diagram  on  the  left,  the  blue 
dashed  lines  represent  surface  normals  to  the 
triangle.  These  lines  form  90°  angles  with  the 
respective  faces  they  pass  through.  Explain  how 
you  know  that  angle  a = 70°. 

TR  8.  Determine  angle  b if  angle  a is  70°. 

TR  9.  Knowing  angle  b,  determine  angle  c. 


Tracing  a Ray  Through  a Prism  to  Verify  Dispersion 

A simulation  will  be  used  to  verify  ray  diagrams  and  calculations  that  demonstrate  that  different 
colours  of  light  will  be  separated  as  they  pass  through  a prism.  Go  to  the  Physics  30  Multimedia 
DVD  and  open  the  “Prism”  simulation.  Then  select  the  “One  Prism”  option  to  complete  the 
following  activities.  Note  that  each  prism  in  the  simulation  is  an  equilateral  prism  with  60° 
angles  at  each  comer. 

SIM  4.  Set  the  refractive  index  of  the  prism  to  n 
= 1.55,  and  rotate  the  prism  to  an  angle  of  100° 
as  shown  in  the  diagram  on  the  right.  This  will 
make  the  incident  angle  for  the  ray  entering  the 
prism  6m  = 43.68°. 

a.  Using  Snell’s  Law  and  the  refractive 
index  of  air  {n  = 1.00),  show  the 
calculations  for  determining  angle  a. 

Verify  your  answer  by  pressing  “Show 
Calcs”  ( Show  Calcs  )• 

b.  Using  the  techniques  developed  in  recent  Try  This  activities  and  the  fact  that  the  prism  is 
an  equilateral  triangle,  calculate  the  angles  b,  c,  d,  and  6’out.  Verify  your  final  answer  on 
the  simulation  by  pressing  “Show  Calcs”  ( Show  Calcs  )• 

Performing  the  mathematical  analysis  for  two  rays  with  different  wavelengths  (and  indexes  of 
refraction)  will  demonstrate  the  process  of  dispersion  in  a prism. 
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Module  5:  Lesson  4 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  eomplete  question  LAB  7 as  part  of  your 
Module  5:  Lesson  4 Assignment. 

LAB  7.  Consider  white  light  entering  an  equilateral  prism  at  a 50°  angle  with  respeet  to  the 
normal  of  one  of  its  faces.  If  the  index  of  refraction  is  1.66  for  blue  light  and  1.62  for  red  light, 
how  far  apart,  in  degrees,  will  the  two  rays  emerge?  Trace  the  path  of  the  blue  and  red  light  on 
each  of  these  prisms.  Sketch  and  label  all  angles,  and  determine  the  angular  separation  between 
the  blue  and  red  rays  as  they  leave  the  prism.  Use  the  “Prism”  simulation  on  the  multimedia 
DVD  to  verify  your  answer. 


Read 

Read  “Prisms — Dispersion  of  White  Light”  on 
pages  675-676  of  your  textbook  for  more 
information  on  the  composition  of  white  light. 


2009  Jupiterimages  Corporation 
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Reflect  and  Connect 

Seen  here  is  a double  rainbow,  a fantastic, 
natural  demonstration  of  refraction  resulting  in 
the  dispersion  of  white  light.  This  rainbow 
appears  to  be  very  close  to  the  photographer, 
compliments  of  the  light  rain  and  mist  coming 
from  above.  The  illusion  is  produced  when 
sunlight  is  incident  on  water  droplets  in  the 
atmosphere. 


© Tad  Denson/shutterstock 


The  various  wavelengths  of  visible  light  in 
sunlight  are  refracted  as  they  enter  the  raindrop. 
Each  wavelength  is  reflected  at  the  back  of  the 
droplet  reversing  the  order  of  the  spectrum  as  it 
passes  through  an  internal  focal  point  before 
being  refracted  a second  time  when  it  emerges. 
If  this  process  occurs  in  many  water  droplets 
simultaneously,  the  optical  illusion  of  a rainbow 
can  be  observed.  The  illusion  only  appears  to 
exist  at  a particular  location  in  the  sky  or  land, 
but  this  position  depends  on  the  position  of  the 
Sun,  water,  and  observer.  As  the  observer 
moves,  the  rainbow  moves  with  the  observer,  so 
you  will  never  get  to  the  end  of  a rainbow  to 
recover  a pot  of  gold! 


Reflect  on  the  Big  Picture 


Do  refraction,  total  internal  reflection,  and  dispersion  support  the  wave  model  of  light?  The 
bending  or  refracting  of  light  can  be  understood  in  terms  of  a transverse  wave.  Recall  that  the 
universal  wave  equation  relates  the  speed,  wavelength,  and  frequency  of  a transverse  wave: 


V ^fk 


Consider  a transverse  light  wave  travelling  from  air  into  water.  As  the  light  wave  enters  the 
water,  it  slows  down  and  the  wavelength  gets  compressed.  The  frequency,  however,  remains 
unchanged,  since  the  waves  do  not  pile  up  at  the  boundary.  The  number  of  waves  arriving  at  the 
boundary  each  second  is  equal  to  the  number  of  waves  leaving  the  boundary  every  second. 
Therefore,  the  frequency  of  the  wave  is  constant  as  the  wavelength  shrinks.  This  helps  us 
understand  the  change  in  speed  when  EMR  is  considered  as  a transverse  wave.  If  the 
wavelength  shrinks  and  the  frequency  remains  constant,  then  the  speed  must  also  be  reduced 
according  to  the  universal  wave  equation. 
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As  the  wave  fronts  are  eompressed  and  slowed  in  the  water,  they  change  direction  relative  to  the 
arriving,  uncompressed,  faster  wave  fronts  still  in  the  air.  To  visualize  this  in  terms  of  wave 
fronts,  imagine  a line  of  100  people  all  holding  hands  and  running  on  the  beach.  If  those  runners 
closest  to  the  water  enter  it  and  slow  down,  what  happens  to  the  shape  of  the  line? 


Remember  to  submit  the  Module  5:  Lesson  4 Assignment  to  your  teacher. 


Lesson  Summary 


At  the  start  of  this  lesson  you  were  asked  the  following  essential  questions: 


• What  is  the  cause  of  refraction? 

• What  is  an  index  of  refraction,  and  how  does  Snell’s  Law  use  it  to  describe  refraction 
mathematically? 

• What  is  total  internal  reflection?  How  does  it  relate  to  the  critical  angle? 

• How  does  a prism  produce  a rainbow,  and  how  is  the  prism  similar  to  a natural  rainbow? 

Refraction  is  a change  in  the  direction  of  a light  caused  by  a change  in  its  speed  as  it  passes  at  an 
angle  from  one  medium  to  the  next. 

The  index  of  refraction  is  a relative  measure  of  how  fast  a light  wave  travels  in  a specific 
medium.  The  higher  the  index  of  refraction,  the  slower  light  moves  through  the  medium.  When 
light  travels  from  a low-index  medium  into  a high-index  medium,  the  ray  bends  toward  the 
normal  as  the  wave  slows  down.  When  light  travels  from  a high-index  medium  into  a low-index 
medium,  the  ray  bends  away  from  the  normal  as  the  wave  speeds  up. 
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Mathematically,  refraction  is  described  by  the  general  form  of  Snell’s  Law,  which  is  based  on 
the  transverse  wave  nature  of  the  oscillating  electric  and  magnetic  fields  making  up  light: 

sin  6^  «2  "^1 

sin  O2  V2  A2 

When  light  travels  from  a high-index  medium  into  a low-index  medium,  if  the  angle  of 
refraction  reaches  90°,  the  light  ray  is  reflected  internally  and  does  not  escape  the  high-index 
medium.  This  occurs  once  the  angle  of  incidence  is  larger  than  the  critical  angle,  which  is  the 
boundary  between  refraction  and  total  internal  reflection.  If  the  angle  of  incidence  is  less  than 
the  critical  angle,  light  is  refracted  as  it  exits  the  higher-index  medium.  If  the  angle  of  incidence 
is  greater  than  the  critical  angle,  the  light  is  reflected  internally  and  does  not  escape  the  higher- 
index  medium. 

The  refraction  of  white  light  as  it  enters  and  exits  a prism  or  a water  droplet  produces  a spectrum 
of  colours,  which  is  known  as  dispersion.  Refraction  demonstrates  that  white  light  is  composed 
of  a variety  of  colours,  each  associated  with  a specific  wavelength.  This  occurs  because  the 
index  of  refraction  is  related  to  the  speed  of  the  wave  and  its  unique  wavelength,  according  to 
Snell’s  Law  and  the  universal  wave  equation,  which  is  an  explanation  that  supports  the  wave 
model  of  light. 

Lesson  Glossary 

critical  angle:  for  any  two  mediums,  the  size  of  the  incident  angle  that  causes  the  angle  of 
refraction  to  be  90° 

refraction:  a change  in  the  direction  of  a wave  due  to  a change  in  its  speed 

refractive  index:  a ratio  comparing  the  speed  of  light  in  a vacuum  to  its  speed  in  a given 
medium 


Mil  VI- 

Snell’s  Law:  for  any  angle  of  incidence  greater  than  zero,  the  ratio  of -=  n 

sinO^ 

total  internal  reflection:  the  reflection  of  a wave  that  is  travelling  from  a high- index  medium 
into  a low-index  medium  at  an  angle  equal  to  or  greater  than  the  critical  angle 
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Module  5 — Wave  Theory  of  Light 


Lesson  5 — Refraction,  Lenses,  and  Optical  Systems 
Get  Focused 


The  lens  in  your  eye  is  part  of  an  optical  system 
that  projects  a clear  image  of  the  visual  world 
onto  the  light-sensitive  cells  of  your  retina 
located  at  the  back  of  your  eye. 

Light-sensitive  rod  cells  and  cone  cells  line  the 
retina  of  the  human  eye  in  a very  specific 
pattern.  The  rod  cells,  found  throughout  the 
retina,  are  sensitive  to  low  levels  of  light  and 
are  used  for  primary  vision  in  dark 
environments.  The  cone  cells,  found  near  the 
centre  of  the  retina,  are  sensitive  to  various 
colours  of  light  (wavelength)  and  produce  colour  vision  in  normal  light  environments. 

To  achieve  clear  vision,  light  rays  must  be 
refracted  when  they  enter  the  eye  to 
accommodate  the  distribution  of  various  light- 
sensitive  cells  in  the  retina  at  the  back  of  the 
eye.  Most  of  the  light  is  directed  at  the  fovea,  a 
small  region  on  the  retina  directly  opposite  the 
lens,  which  has  a very  high  density  of  cone 
receptors.  The  light  is  focused  in  this  region  due 
to  refraction  that  occurs  as  light  enters  the  eye 
through  the  cornea  and  again  as  it  passes 
through  the  lens. 

The  process  is  similar  to  that  of  a camera,  which 
photosensitive  materials,  such  as  film  or  electronic  sensors. 

Subtle  changes  or  irregularities  in  the  shape  of  the  lens  change  the  direction  of  the  refracted 
light,  which  can  cause  impaired  vision,  such  as  near-  and  far-sightedness.  In  these  cases, 
external  lenses,  such  as  glasses  or  contact  lenses  can  be  used  to  correct  the  path  of  the  light. 
These  lenses  refocus  the  image  clearly  on  the  light-sensitive  areas  of  the  retina. 

In  essence,  glasses  are  custom-designed  lenses  that  correct  imperfections  in  the  natural  lens  of 
the  eye  to  restore  image  formation  on  the  retina.  This  complex  process  can  be  understood  in 
terms  of  ray  diagrams  and  refraction  through  thin  lenses. 


© andrei  nacu/shutterstock 
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In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  a thin  lens? 

• How  are  ray  diagrams  used  to  predict  image  characteristics  for  thin  lenses? 

• How  is  the  thin  lens  equation  used  to  predict  image  characteristics  for  thin  lenses? 


Module  5:  Lesson  5 Assignment 

Your  teacher-marked  Module  5:  Lesson  5 Assignment  requires  you  to  submit  responses  to  the 
following: 

• Laboratory — LAB  1 and  LAB  2 

• Assignment — A 1,  A 2,  and  A 3 

• Discuss — D 3 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 


A thin  lens,  similar  to  that  found  in  the  human  eye,  is  a circular  piece  of  transparent  material 
with  a spherically  shaped  surface.  With  any  curved  lens,  light  rays  will  be  refracted  at  various 
angles  depending  on  where  they  contact  the  curved  surface.  There  are  two  types  of  thin  lenses. 

A converging  lens  with  convex  surfaces  converging  lens:  a lens  that  refracts  rays 

refracts  rays  that  are  parallel  to  the  principal  travelling  parallel  to  the  principal  axis  inward 
axis  toward  a focal  point  producing  a real  to  the  focal  point  of  the  lens 

image  (as  shown  in  the  diagram). 
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A diverging  lens  with  concave  surfaces 
refracts  rays  that  are  parallel  to  the  principal 
axis  outward  so  that  they  appear  to  have 
originated  from  a virtual  focal  point.  Therefore, 
a diverging  lens  can  only  produce  a virtual 
image. 


diverging  lens:  a lens  that  refracts  rays 
travelling  parallel  to  the  principal  axis 
outward  so  that  they  appear  to  have  originated 
or  passed  through  the  virtual  focal  point  of  the 
lens 


The  following  table  summarizes  all  the  relevant  labels  for  each  ray  diagram. 


Label 

Definition 

C 

centre  of  curvature,  the  radius  of  the  spherical  surface  of  the  lens 

F 

focal  point,  primary  on  the  object  side,  secondary  on  the  other  side 

0 

optical  centre  of  the  lens 

principal 

axis 

imaginary  line  that  is  perpendicular  to  the  lens  surface  at  the  optical  centre 

ray  1 

travels  parallel  to  the  principal  axis  and  is  refracted  through,  or  appears  to  have 
passed  through,  the  principal  focus 

ray  2 

travels  through,  or  appears  to  have  passed  through,  the  secondary  focus  and 
emerges  parallel  to  the  principal  axis 

ray  3 

passes  straight  through  the  optical  centre  (See  “Physics  Insight”  on  page  678 
of  your  physics  textbook.) 

As  with  ray  diagrams  used  for  curved  mirrors,  many  rays  produce  the  image  but  only  a few  are 
required  to  identify  the  image  characteristics.  The  three  rays  used  in  the  illustrations  can  be  used 
with  any  ray  diagram  to  predict  the  image  characteristics. 
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Recall  the  following  image  characteristics  from  Lesson  3. 


Image 

Characteristic 

Definitioii 

magnification 

ratio  of  the  size  of  the  image  to  the  size  of  the  object 

attitude 

vertical  orientation  of  the  image  relative  to  the  object 

position 

where  the  image  and  object  are  located  relative  to  the  reflecting  surface 

real  or  virtual 
image 

a real  image  forms  where  light  rays  converge,  a virtual  image  forms 
where  light  rays  “appear”  to  have  converged  or  originated 

A simulation  will  be  used  to  explore  the  image  characteristics  for  both  converging  and  diverging 
lenses. 


Module  5:  Lesson  5 Assignment 


Remember  to  submit  your  answers  to  LAB  1 and  LAB  2 to  your  teacher  as  part  of  your 
Module  5:  Lesson  5 Assignment. 

LAB  1.  Go  to  the  Physics  30  Multimedia  DVD  and  open  the  “Thin  Lens”  simulation.  Then 
select  “Lens”  from  the  drop-down  menu  (if  needed). 


© F.  Hwang,  NTNU  JAVA  Virtual  Physics  Laboratory.  Used  with  permission. 


Click  the  object  arrow  and  move  it  to  various  locations  on  the  principal  axis.  Using  the 
simulation  as  a guide,  draw  ray  diagrams  and  describe  the  image  characteristics  when  the  object 
is  located  at  the  positions  listed  in  Table  1.  The  first  one  is  done  as  an  example.  You  can  find  a 
copy  of  the  table  in  the  Module  5 Assignment  Booklet. 
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Table  1:  Using  Ray  Diagrams  to  Predict  Image  Characteristics — Converging  Lens 
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LAB  2.  Switch  the  lens  in  the  simulation  to  a diverging  lens  by  making  the  focal  length  negative 
( J).  Complete  Table  2. 

Table  2:  Using  Ray  Diagrams  to  Predict  Image  Characteristics — Diverging  Lens 


Object 

Position 

Ray  Diagram 

Image 

Characteristics 
(real  or  virtual, 
attitude, 
magnification, 
position  relative  to 
lens) 
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Read 


Read  pages  677-679  of  your  textbook  for  more  explanations  and  help  in  drawing  ray  diagrams 
for  thin  lenses. 


The  Lens  Equation 

While  ray  diagrams  are  useful  tools  for  revealing  image  characteristics,  they  can  also  be  used  to 
derive  a mathematical  equation  for  finding  and  identifying  image  characteristics.  The  derivation 
of  the  lens  equation,  which  is  identical  to  the  mirror  equation  in  Lesson  3,  can  be  seen  on  page 
680  of  your  textbook. 
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The  lens  equation  relates  the  focal  length  of  a curved  lens  to  the  image  and  object  positions. 
Expressed  as  an  equation,  it  is  as  follows: 

±+x=i 

djd,  f 


1 Quantity 

Symbol 

SI  Unit 

object  position  relative  to  the  optical  centre 

do 

m 1 

image  position  relative  to  the  optical  centre 

d: 

m 1 

focal  length 

f 

m 1 

The  image  and  object  characteristics  are  also  described  in  these  equations  using  sign 
conventions: 

• Positive  distances  describe  real  images  and  objects. 

• Negative  distances  describe  virtual  images. 

• Converging  lenses  have  a real  focal  length  that  is  positive. 

• Diverging  lenses  have  a virtual  focal  length  that  is  negative. 

Magnification  is  the  ratio  of  the  image  height  to  the  object  height.  A negative  sign  is  used  to 
accommodate  the  noted  sign  conventions. 

A,  rf, 

'”  = 7r  = “Tr 


Negative  height  describes  an  inverted  image  or  object. 
Positive  height  describes  an  upright  image  or  object. 


Read 


Read  “Equations  for  Thin  Lenses”  on  page  680  of  the  textbook. 


Try  This 


TR  1.  Complete  “Practice  Problems”  1-3  on  page  681  of  the  textbook. 
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Module  5:  Lesson  5 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  A 1 , A 2,  and  A 3 as  part  of 
your  Module  5:  Lesson  5 Assignment. 

A 1.  A lens  with  a focal  length  of  5.0  cm  is  placed  12  cm  away  from  an  8.0-cm-tall  object. 

a.  How  far  from  the  lens  is  the  image? 

b.  How  tall  is  the  image? 

c.  Describe  the  image  characteristics:  real/virtual,  inverted/erect,  enlarged/smaller. 

A 2.  A scientist  uses  a lens  with  a 17-cm  focal  length  to  focus  light  to  create  a holograph.  The 
lens  is  30  cm  from  the  25-cm-tall  image. 

a.  How  far  from  the  lens  is  the  object? 

b.  What  is  the  height  of  the  image? 

c.  Describe  the  image  characteristics:  real/virtual,  inverted/erect,  enlarged/smaller. 

A 3.  A student  is  given  the  challenge  of  determining  the  focal  length  of  the  lens  in  an  LCD 
projector.  The  projector  creates  an  image  600-cm-tall  12  m from  the  lens.  The  object  is  12-cm- 
tall. 


a.  What  is  the  distance  to  the  object? 

b.  What  is  the  focal  length  of  the  lens? 

Discuss 

A magnifying  glass  is  a double-convex 
converging  lens.  Using  a ray  diagram,  prove 
that  the  magnified  image  you  see  in  a 
magnifying  glass  is  a virtual  image.  Explain 
how  the  focal  length  of  the  lens  and  the  position 
of  the  object  affect  its  magnifying  power. 

Your  posting  should  consist  of  at  least  one  ray 
diagram  and  an  explanation  relating  the  focal 
length  and  the  object’s  position  to  the  amount  of 
magnification  and  the  characteristics  of  the 
image. 

D 1.  Using  the  simulation,  you  can  explore  ray  diagrams  for  a magnifying  glass  by  positioning 
the  object  inside  the  focal  point  of  a converging  lens  on  the  simulation.  Compare  different 
positions  to  find  how  they  relate  to  the  object’s  magnification  and  image  characteristics.  Also, 
adjust  the  focal  length  on  the  simulation,  which  defaults  to  10.0  units  of  length. 
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D 2.  Create  rules  to  describe  the  relationship  between  the  object  distance  and  image  distance 
relative  to  the  focal  point  and  real/virtual  images.  Post  your  rules  and  read  the  rules  of  other 
students  in  your  discussion  forum. 


Module  5;  Lesson  5 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  complete  question  D 3 as  part  of  your  Module  5: 
Lesson  5 Assignment. 

D 3.  Now  that  you  have  seen  other  students’  rules,  reflect  on  your  rules  and  improve  them.  What 
are  your  new  rules,  and  how  did  reading  the  other  students’  rules  help  you  to  improve  your  own 
understanding? 


Reflect  and  Connect 


Myopia,  commonly  known  as  near-sightedness 
or  short-sightedness,  occurs  when  the  light 
entering  the  eye  is  refracted  too  sharply.  This 
causes  the  image  to  form  in  front  of  the  retina. 
To  correct  this  type  of  disorder,  a diverging  lens 
can  be  placed  in  front  of  the  eye  to  alter  the 
light-ray  paths  so  that  they  converge  on  the 
surface  of  the  retina  and  restore  clear  vision. 


© Scott  Hales/shutterstock 


The  diverging  lens  is  identified  as  a negative 
prescription,  since  it  has  a negative,  virtual  focal 
length.  The  amount  of  refraction  caused  by  the 
lens  is  identified  numerically  using  a unit  called 
diopters,  which  is  the  reciprocal  of  the  lens’s 
focal  length.  For  example,  a -2  lens  prescription 
is  a diverging  lens  with  a virtual  focal  length  of 
i metre.  A -3  lens  will  refract  light  to  a greater 
extent  than  the  -2  lens,  since  it  has  a shorter 
focal  length  of  | metre.  The  strength  of  the 

lens  is  related  to  both  the  refractive  index  of  the 
material  from  which  it  is  made  and  the 
curvature  of  the  surface.  Different  prescriptions 
are  manufactured  by  altering  either  the  lens 
material  or  its  curvature. 
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Hyperopia,  or  far-sightedness,  occurs  when 
light  is  not  refracted  enough  to  converge  on  the 
retina.  To  correct  this  condition,  a converging 
lens  is  used  to  refract  the  light  farther, 
effectively  moving  the  image  formation  forward 
so  that  the  light  occurs  on  the  retina  tissue. 


Far-sightedness  is  treated  with  positive  diopter 
prescriptions.  For  example,  a +3  lens  has  a real 
focal  length  of  | m.  Reading  glasses  are  a good 

example  of  a positive  prescription  lens  that 
many  people  use  to  view  objects  up  close,  such 
as  the  text  in  books. 


In  a general  sense,  eyeglasses  are  an  extension  of  the  optical  system  of  the  human  eye  and  are 
capable  of  causing  specific  amounts  of  refraction  to  remedy  imperfections  in  the  lens  or  cornea 
of  the  user.  The  thin  lens  equation  and  ray  diagrams  are  used  to  understand  and  predict  image 
formation  in  such  applications. 


Module  5:  Lesson  5 Assignment 


Remember  to  submit  the  Module  5:  Lesson  5 Assignment  to  your  teacher. 


Lesson  Summary 

At  the  start  of  this  lesson  you  were  asked  the  following  essential  questions: 

• What  is  a thin  lens? 

• How  are  ray  diagrams  used  to  predict  image  characteristics  for  thin  lenses? 

• How  is  the  thin  lens  equation  used  to  predict  image  characteristics  for  thin  lenses? 

In  this  lesson  you  learned  that  a thin  lens  is  a circular  piece  of  transparent  material  with  a 
spherically  shaped  convex  or  concave  surface.  A converging  lens  has  a convex  surface  that 
refracts  rays  parallel  to  the  principal  axis  toward  a focal  point,  producing  a real  image  (assuming 
the  object  is  farther  than  1 focal  length  away  from  the  lens).  A diverging  lens  has  a concave 
surface,  refracting  rays  that  are  parallel  to  the  principal  axis  outwards  so  that  they  appear  to  have 
originated  from  a virtual  focal  point,  producing  a virtual  image. 
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Similar  to  ray  diagrams  for  curved  mirrors,  many  rays  produce  the  image  but  only  a few  are 
required  to  identify  its  characteristics.  A ray  diagram  with  three  or  more  rays  can  be  used  to 
accurately  predict  the  image  characteristics  formed  by  both  types  of  lenses. 


1 . 1 


The  lens  equation  ^ ^ = y , which  is  identical  to  the  curved  mirror  equation,  can  also  be 

used  to  identify  and  predict  image  characteristics.  Human  vision  is  a good  example  of  an  optical 
system  that  can  involve  multiple  lenses  causing  precise  amounts  of  refraction  to  produce  a clear 
image  on  the  retina  of  the  observer. 


Lesson  Glossary 

converging  lens:  a lens  that  refracts  rays  travelling  parallel  to  the  principal  axis  inward  to  the 
focal  point  of  the  lens 

diverging  lens:  a lens  that  refracts  rays  travelling  parallel  to  the  principal  axis  outward  so  that 
they  appear  to  have  originated  or  passed  through  the  virtual  focal  point  of  the  lens 

thin  lens  equation:  an  equation  that  relates  image  distance,  object  distance,  and  the  focal  length 
of  a thin  lens 
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Module  5 — ^Wave  Theory  of  Light 


Lesson  6 — Diffraction  and  Interference 


Get  Focused 

If  you  pick  Up  any  DVD  or  CD  and  look  at  the 
disc  at  an  angle  in  the  sunlight,  you  will  see  a 
spectrum  like  the  one  in  this  photo.  If  the 
reflected  light  from  the  disc  is  directed  onto  a 
nearby  screen  or  wall,  you  will  see  a spectrum 
very  similar  to  that  of  the  rainbow  produced  by 
refraction  in  a prism. 

In  this  case,  however,  refraction  cannot  explain 
the  pattern  since  the  light  does  not  pass  through 
the  disc  and  only  travels  in  one  medium  (air). 

So,  how  is  the  spectrum  produced?  How  is  it 
comparable  to  the  spectrum  produced  by 
refraction  in  a prism? 

In  the  manufacturing  of  a CD  or  DVD,  small 
grooves  or  pits  are  cut  into  the  polycarbonate  © xischenko  irina/shuuerstock 

material  in  a very  tightly  packed  spiral  pattern 

to  make  a track.  This  pattern  appears  as  many  thousands  of  concentric  rings  on  the  surface  of  the 
disc.  Underneath  all  the  rings  is  a layer  of  aluminum  or  gold  metal  that  makes  the  pits  highly 
reflective  when  being  read  by  a CD  or  DVD  player. 

As  a side  effect,  when  light  is  reflected  from  the  metal  layer,  it  is  slightly  bent  as  it  emerges 
from  the  opening  of  each  ring.  The  amount  of  bending,  or  diffraction,  is  slightly  different  for 
each  colour,  or  wavelength  of  light,  creating  an  interference  pattern  that  reveals  all  the  colours 
that  make  up  white  light. 

Is  this  process  strong  evidence  for  the  wave  nature  of  light  and  EMR  in  general?  In  this  lesson 
you  will  explore  the  wave  characteristics  of  light. 

In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  diffraction? 

• What  is  an  interference  pattern? 

• What  is  the  significance  of  Thomas  Young’s  experiment  as  it  relates  to  the  wave  model  of 
light? 

• How  are  diffraction  patterns  solved  mathematically  in  ideal  and  experimental  conditions? 
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Module  5:  Lesson  6 Assignment 


Your  teacher-marked  Module  5:  Lesson  6 Assignment  requires  you  to  submit  responses  to  the 
following  questions: 

• Assignment — A 1,  A 2,  A 3,  A 4,  and  A 5 

• Discuss — D 3 


The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 
Diffraction 

By  the  early  nineteenth  century  it  was  well 
known  by  scientists  that  mechanical  waves, 
such  as  those  of  water,  displayed  the  unique 
property  of  diffraction. 


diffraction:  the  bending  and  spreading  of 
waves  when  they  interact  with  obstacles  in 
their  path 


Diffraction  occurs  when  any  wave  front  bends 
or  changes  direction  as  it  passes  by  the  sharp 
edge  of  an  obstacle  or  through  a small  opening 
in  the  obstacle.  As  illustrated,  waves  are 
diffracted  as  they  pass  through  a small  opening 
in  a barrier.  The  amount  of  diffraction  depends 
on  the  wavelength  and  the  size  of  the  opening. 
A barrier  with  multiple  openings  is  called  a 
grating.  The  CD  or  DVD  is  an  example  of  a 
grating;  it  has  many  small  openings  in  the  form 
of  concentric  rings  from  which  light  waves  may 
emerge  after  reflecting  off  the  metal  backing  of 
the  disc. 
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Watch  and  Listen 

To  observe  diffraction  of  mechanical  and  electromagnetic  waves,  such  as  visible  light,  open  the 
“Wave  Interference”  simulation,  which  is  found  on  the  Physics  30  Multimedia  DVD.  You  may 
select  any  one  of  three  wave  forms:  water,  sound,  and  light. 


i Water 


ySound  \ Light 


In  each  mode,  select  one  slit  ( (S)  One  Slit );  then  click  the  barrier  and  drag  it  close  to  the  wave 

source.  Observe  the  circular  shape  of  the  wave  front  that  emerges  from  the  opening.  You  may 
add  walls  to  the  sound  and  water  sections  and  explore  diffraction  around  comers  as  well. 

Diffraction  and  Interference 

A barrier  with  a single  slit  acts  as  a single  point  source  of  light  producing  ever-expanding 
circular  wave  fronts.  If  a second  slit  is  introduced  beside  the  first  one,  there  will  be  two  identical 
point  sources  of  light,  each  producing  circular  wave  fronts  that  will  contact  one  another. 
Therefore,  if  light  has  wave-like  characteristics,  the  two  point  sources  should  interfere  to 
produce  a distinct  interference  pattern.  Interference  patterns  were  explored  in  your  previous 
physics  course  and  are  reviewed  here. 

Interference  refers  to  the  way  in  which  two  or 
more  wave  forms  combine  to  produce  a 
resultant  wave  form.  There  are  two  different 
types  of  interference:  constructive 
interference  and  destructive  interference. 

If  complete  destmctive  interference  occurs, 
both  waves  cancel  each  other  out  and  produce 
no  resultant  wave.  On  an  interference  pattern 
this  is  referred  to  as  a node. 

If  complete  constmctive  interference  occurs, 
both  waves  combine  to  produce  the  largest 
possible  resultant  wave.  On  an  interference 
pattern,  this  situation  is  referred  to  as  an 

antinode. 


constructive  interference:  occurs  when  two 
waves  combine  to  produce  a resultant  wave 
larger  than  either  of  the  original  waves 

destructive  interference:  occurs  when  two 
waves  combine  to  produce  a resultant  wave 
smaller  than  either  of  the  original  waves 

node:  a point  on  a standing  wave  pattern 
where  there  is  no  displacement  and  the  wave 
appears  to  be  standing  still 

antinode:  opposite  of  node,  a point  on  a 
standing  wave  pattern  where  there  is 
maximum  displacement 
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Watch  and  Listen 

See  how  two  waves  interfere  constructively  and  destructively  in  the  video  “Young’s  Double-slit 
Experiment”  on  the  Physics  30  Multimedia  DVD.  Note  that  in  the  destructive  phase,  it’s  as  if  a 
positive  amplitude  (above  the  middle  line)  is  added  to  a negative  amplitude  (below  the  middle 
line)  to  produce  a zero  amplitude. 


Module  5:  Lesson  6 Assignment 

Go  to  the  Module  5 Assignment  Booklet  and  complete  question  A 1 as  part  of  your 
Module  5:  Lesson  6 Assignment. 

A 1.  After  viewing  the  video,  draw  two  waves  (one  below  the  other)  and  the  resultant  wave  to 
illustrate  the  following. 

a.  complete  constructive  interference 

b.  complete  destructive  interference 

When  a wave  front  encounters  two  slits,  each  slit  produces  a circular  wave  front,  leading  to  a 
distinctive  interference  pattern  characterized  by  repeating  regions  of  destructive  and 
constructive  interference.  In  terms  of  light,  this  is  observed  as  repeating  dark  and  bright  regions 
on  a screen. 


Watch  and  Listen 


Return  to  the  Physics  30  Multimedia  DVD  and  watch  “Young’s  Double-slit  Experiment”  again. 
Pay  close  attention  to  the  production  of  a two-slit  interference  pattern. 


Try  This 

TR  1.  Sketch  the  two-slit  interference  pattern  seen  in  the  previous  video  clip. 

Thomas  Young’s  Double-slit  Experiment 

The  two-slit  interference  pattern  was  first  demonstrated  at  the  turn  of  the  nineteenth  century.  At 
the  time  there  was  a long-running,  heated  debate  surrounding  the  nature  of  light.  Was  it  a stream 
of  particles  or  was  it  a wave?  The  scientific  community  of  the  time  was  split  with  many 
scientists  supporting  Isaac  Newton’s  theory  that  light  was  made  of  tiny  particles,  which  would 
be  unable  to  interfere  as  waves  would. 
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In  1801,  Thomas  Young,  a professor  of  natural  philosophy  and  physics  at  the  Royal  Institution 
in  London,  performed  a key  experiment  to  support  the  wave  characteristics  of  visible  light.  He 
placed  a narrow  card  similar  to  that  of  a playing  card  into  a beam  of  light  coming  from  a nearby 
window. 

When  the  card  was  held  sideways,  splitting  the  beam  into  two  identical  light  sources,  an 
interesting  pattern  was  observed  on  a nearby  wall,  which  is  illustrated  in  the  image.  In  the 
illustration,  the  light  of  a single  wavelength  (colour)  is  directed  at  two  small  slits.  After  passing 
through  the  slits  it  falls  on  a distant  screen  to  produce  an  interference  pattern,  which  has  many 
sequential  bright  and  dark  bands. 


pi 

nn 

II 

II 

Illlllllll 


Watch  and  Listen 


You  can  perform  a similar  experiment  to  that  of  Thomas  Young  using  a simulation.  Open  the 
“Wave  Interference”  simulation  found  on  the  Physics  30  Multimedia  DVD,  and  select  the  light 
wave  form. 

Select  ( (i)  Two  Slits  ) and  then  click  the  barrier  and  drag  the  barrier  close  to  the  wave  source. 

Click  on  “Show  Screen.”  Observe  the  interference  pattern  produced.  The  pattern  is  easier  to 
observe  with  high  amplitude  waves.  You  can  adjust  the  amplitude  slider  on  the  light  source 
when  observing  the  interference  pattern. 

Young’s  double-slit  experiment  showed  that  light,  when  shone  through  two  slits,  was  diffracted 
and  produced  a definite  interference  pattern  on  a screen.  This  evidence  helped  to  convince  the 
scientific  community  that  the  behaviour  of  light  could  be  explained  with  a wave  model.  Light 
displays  properties  unique  to  waves:  interference  and  diffraction. 
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Watch  and  Listen 


Watch  “Young’s  Double-slit  Experiment”  on  the  multimedia  DVD  for  a final  time.  This  time 
pay  close  attention  to  the  overview  of  diffraction,  interference,  and  Young’s  Experiment. 


Diffraction,  Path  Difference,  and  Interference 

Path  difference  can  explain  interference  patterns  seen  by  Thomas  Young.  Each  wave  must  travel 
a certain  length,  along  a specific  path,  from  the  slit  to  the  distant  screen. 


point  on  screen 


screen 

showing 

interference 

pattern 


The  length  from  any  one  point  on  the  screen  to  each  slit  is  slightly  different,  as  shown  in  d\  and 
di,  since  the  slits  are  located  some  distance  apart.  This  means  that  light  leaving  both  slits  must 
travel  slightly  different  lengths,  d\  and  di,  to  arrive  at  the  same  spot  on  a distant  screen.  The 
difference  in  the  path  lengths  is  called  the  path  difference. 

Path  difference,  Ad=  \d\  - d2\ 

If  the  path  difference  to  a common  point  on  the  screen  is  an  integral  number  of  wavelengths, 
then  the  waves  arrive  at  the  common  point  in  phase  and  constructively  interferes  producing  a 
bright  fringe.  However,  if  the  path  difference  is  a half-number  of  waves,  then  the  waves  arrive 
completely  out  of  phase  and  destructively  interfere  leaving  a dark  fringe. 
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Path  difference  explains  the  interference 
patterns  created  by  two-slit  diffraction.  When 
the  light  reaches  a screen,  bright  and  dark 
bands  are  observed.  These  bands  are  called 
interference  fringes.  Bright  fringes  (antinodal 
lines)  are  regions  of  constructive  interference 
and  dark  fringes  (nodal  lines)  are  regions  of  destructive  interference.  The  following  image 
illustrates  the  fringes  and  the  path  differences  for  the  interference  pattern  created  when  light  is 
diffracted  in  a two-slit  experiment.  Notice  that  the  bright  and  dark  fringes  are  symmetrical 
around  the  central  antinode. 


bright  fringes:  regions  of  constructive 
interference  along  antinodal  lines 

dark  fringes:  regions  of  destructive 
interference  along  nodal  lines 


Read 


Read  “The  Interference  Pattern”  on  pages  686-687  of  your  textbook.  Look  at  “Figure  13.72”  to 
“Figure  13.74”  for  some  great  illustrations  of  the  path  difference  explanation  described  earlier. 
These  figures  will  help  with  SC  1 and  SC  2. 


Self-Check 


Answer  the  following  questions  based  on  your  readings  and  observations  in  the  previous  video 
and  simulations. 

SC  1.  Why  is  there  always  a bright  fringe  at  the  centre  of  the  screen?  (This  fringe  is  called  the 
central  antinode.) 

SC  2.  Explain  why  this  central  antinode  is  always  the  brightest  fringe. 

Check  your  work  with  the  answers  in  the  Appendix. 
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Read 

Two-slit  diffraction  patterns  can  be  understood  mathematically  based  on  the  concept  of  path 
length  and  the  wavelength.  For  example,  the  location  of  bright  antinodes  and  dark  nodes  in  the 
two-slit  interference  pattern  can  be  used  to  determine  the  exact  wavelength  of  the  light  causing 
them. 

Read  pages  687-689  in  your  textbook  for  a full  derivation  of  the  mathematical  relationships. 

The  interference  pattern  produced  by  diffraction  through  a double  slit  can  be  analyzed  using 
the  following  equation: 


^ _ d sin^ 
n 


Quantity 

Symbol 

SI  Unit 

wavelength 

m 

slit  spacing  (separation  between  slits) 

d 

m 

path  difference* 

n 

none  (number  of  wavelengths) 

angle  of  diffraction 
(measured  from  the  central  antinode) 

(6) 

degrees 

* Constructive  interference  (antinodes  - bright  fringes)  occurs  when  the  path  difference  is  a 
whole  number  of  wavelengths  (n  = 0,±l,  ±2, ...).  Thus,  for  antinodes  or  bright  fringes:  n=  \, 
2,3,4,.... 

Destructive  interference  (nodes  - dark  fringes)  occurs  when  the  path  difference  is  offset  by 
half  a wavelength  (n  = ±0.5,  ±1.5,  ±2.5, ...).  Thus,  for  nodes  or  dark  fringes:  n = 0.5,  1.5,  2.5, 
3.5,  .... 
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Example  Problem  1. 

Light  with  a wavelength  of  457  nm  is  shone  through  two  slits  separated  by  0.20  mm. 
a.  What  is  the  angle  of  diffraction  to  the  second  bright  fringe  {n^  2)1 

Given 

X = 457  nm 

= 4.57xl0“''m 
d = 0.20  mm 

= 2.0xl0-''m 
n=  2 

Required 

the  angle  of  diffraction 

Analysis  and  Solution 


_ r/  sin  ^ 

n 

6 = sin“^ 

f— ) 

irf) 

= sin~^ 

(2)(4.57xl0”''m) 

(2.0xl0“''m) 

= 0.26° 

Paraphrase 

The  angle  of  diffraction  is  0.26°  from  the  central  bright  fringe. 
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The  light  producing  the  second  order  bright  fringe,  or  n = 2 antinode,  is  diffracted  through  a 
0.26°  angle  as  it  exits  the  two  slits.  A simulation  can  be  used  to  verify  this  calculation  and 
visualize  the  interference  pattern  near  the  « = 2 bright  antinode. 

Go  to  the  Physics  30  Multimedia  DVD  and  open  the  “Diffraction  Grating”  simulation.  Then  set 
the  slit  width,  wavelength,  and  slit  count  as  indicated  in  the  following  screen  shot. 


Slit  Count:  2.0  Slit  Width:  0.2  nun 

•="  M'-  ' 

1 Wavelength:  457.0  nm  Slit  Spacing;  0.2  nim 

a Q: - - - [jg  


While  holding  down  the  Ctrl  key,  you  can  drag  out  a region  of  the  intensity  graph  to  zoom  in. 
You  may  do  this  a number  of  times  to  get  an  appropriate  scale,  where  the  0.26°  angle  is  visible. 


You  can  see  that  the  ^ = 2 region  is  located  0.26°  from  the  central  antinode. 
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b.  What  is  the  angle  of  diffraction  to  the  second  dark  fringe? 

Given 

457  nm 

= 4.57x10“^ 
d = 0.20  mm 

= 2.0xl0“‘'m 
n=  1.5 

Remember  that  destructive  interference,  dark  fringes,  have  n values  that  end  in  .5.  The  first  dark 
fringe  is  0.5,  so  the  second  one  is  1.5. 

Required 

the  angle  of  diffraction  to  the  second  dark  fringe 

Analysis  and  Solution 

d sinO 


n 


= sm 


2.0x  10^'*  m) 


= 0.20° 


Paraphrase 

The  angle  of  diffraction  to  the  second  dark  fringe  is  0.20°.  If  you  look  at  the  previous  screen 
shots,  you  will  see  that  the  simulation  gives  the  same  result  fox  1.5. 
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Diffraction  and  Interference 


Go  to  the  Module  5 Assignment  Booklet  and  eomplete  question  A 2 as  part  of  your 
Module  5:  Lesson  6 Assignment. 

A 2.  Using  the  “Diffraction  Grating”  simulation  on  the  multimedia  DVD,  set  the  slit  count  to 
2.0,  the  wavelength  to  550.0  nm,  the  slit  width  to  0. 1 mm,  and  the  slit  spacing  to  0.2  mm. 
Observe  how  the  following  changes  affect  the  interference  pattern. 

a.  decreasing  the  wavelength 

b.  increasing  the  wavelength 

c.  decreasing  the  slit  width 

d.  increasing  the  slit  width 

e.  decreasing  the  slit  spacing 
f increasing  the  slit  spacing 

Summarize  your  observations  on  how  the  wavelength,  slit  width,  and  slit  spacing  affect  the 
interference  pattern  in  the  simulation  in  a table  or  graphic  organizer  of  your  choice. 


Self-Check 


SC  3.  If  some  light  passes  through  two  slits,  separated  by  0.33  mm,  and  the  first  dark  fringe  is 
located  0.035°  from  the  central  antinode,  what  is  the  wavelength  of  the  light?  Show  the 
calculation  and  check  your  answer  with  the  simulation. 

SC  4.  Blue  light  of  wavelength  465  nm  is  incident  on  a double  slit  where  the  slits  are  spaced  0.5 
mm  apart  and  are  0.05  mm  wide.  At  what  angle  of  diffraction  will  the  fourth  order  antinodal  line 
appear?  Show  the  calculation  and  check  your  answer  with  the  simulation. 

Check  your  work  with  the  answers  in  the  Appendix. 


Try  This 


TR  2.  Radiation  of  400  nm  passes  through  two  slits  and  produces  the  following  interference 
pattern.  Given  the  angle  of  diffraction  for  the  second  order  dark  fringe,  determine  the  slit 
separation.  Show  the  calculation  and  check  your  answer  with  the  simulation. 
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Read 

As  you  will  have  noticed  from  each  of  the  noted  scenarios,  the  angle  of  diffraction  is  always 
very  small,  making  it  difficult  to  measure  accurately  in  many  experimental  conditions.  In  such 
cases,  a second  equation  is  used  that  approximates  the  small  angle  using  a ratio  of  the  distance 
separating  the  screen  and  slits  to  the  distance  between  any  two  antinodes.  For  very  small  angles, 
use  the  equation  sin  6 = xlL. 

Read  the  'HnfoBlV'  on  page  690  of  your  textbook  for  the  derivation  of  the  small  angle 
approximation. 

The  interference  pattern  produced  by  diffraction  through  a double  slit  can  be  analyzed  using 
the  following  equation. 


^ xd 
nL 


Quantity 

Symbol 

SI  Unit 

wavelength 

^ 1 

m 1 

distance  from  central  antinode  to  antinodal 
line 

X 1 

m 1 

slit  spacing  (separation) 

d 1 

m 1 

path  difference* 

n 1 

none  (number  of 
wavelengths) 

distance  between  slits  and  screen 

L 1 

m j 

* Constructive  interference  (antinodes  - bright  fringes)  occurs  when  the  path  difference  is  a 
whole  number  of  wavelengths  {n  = 0,  ±1,  ±2,  . . .).  Thus,  for  antinodes  or  bright  fringes:  n=\, 
2,3,4,.... 

* Destructive  interference  (nodes  - dark  fringes)  occurs  when  the  path  difference  is  offset  by 
half  a wavelength  {n  = ±0.5,  ±1.5,  ±2.5,  . . .).  Thus,  for  nodes  or  dark  fringes:  n = 0.5,  1.5,  2.5, 
3.5,  .... 


Work  through  “Example  13.9”  on  page  691  of  the  textbook. 


Try  This 


TR  3.  Complete  “Practice  Problems”  1-3  on  page  691  of  the  textbook. 
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Read 


The  tightly  spaced  concentric  rings  on  a CD  or 
DVD  from  the  Get  Focused  section  of  this 
lesson  are  an  example  of  a diffraction  grating. 


diffraction  grating:  an  optical  component 
that  has  a surface  covered  by  a regular  pattern 
of  parallel  lines  or  grooves  that  are  usually 
separated  by  a distance  comparable  to  the 
wavelength  of  light 


The  equations  that  describe  a two-slit 
experiment  are  equally  useful  for  gratings, 
since  they  only  rely  on  the  spacing  between  any  two  slits.  Dividing  the  width  of  the  grating  by 
the  total  number  of  lines  or  spaces  on  it  gives  the  distance  between  any  two  lines,  which  is  the 
slit  separation  that  can  be  used  with  any  diffraction  equation. 


Read  “Diffraction  Gratings”  and  “Example  13.10”  on  pages  692-693  of  your  textbook. 


Try  This 


TR  4.  Complete  “Practice  Problems”  1-3  on  page  693  of  the  textbook. 


Module  5:  Lesson  6 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  questions  A 3,  A 4,  and  A 5 as  part  of 
your  Module  5:  Lesson  6 Assignment. 

A 3.  A scientist  is  double-checking  the  wavelength  of  a new  laser.  The  scientist  sets  up  a 
diffraction  grating  with  5.00x10“^  m between  slits,  in  front  of  the  laser  1.50  m in  front  of  a 
screen.  The  scientist  measures  the  distance  from  the  central  maximum  to  the  second  bright 
fringe,  which  is  0.330  m.  What  is  the  wavelength  of  the  laser? 


A 4.  As  part  of  a laser  light  show,  the  technician  is  adjusting  a diffraction  grating.  A green  laser 
with  a wavelength  of  532  nm  is  shone  on  a diffraction  grating  with  2700  lines/cm.  The  screen  is 
35  m from  the  diffraction  grating. 

a.  What  is  the  distance  between  the  slits  of  the  diffraction  grating? 

b.  How  far  from  the  central  maximum  will  the  bright  fringe  be? 

A 5.  A student  is  looking  at  a monochromatic  light  source  and  is  looking  for  the  third  bright 
fringe.  The  light  has  a wavelength  of  625  nm  and  has  passed  through  a diffraction  grating  with  a 
slit  separation  of  2.80x  10”^  m.  At  what  angle  should  the  student  look  for  the  third  bright  fringe? 
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Try  This 


Read  “Inquiry  Lab”  on  pages  694-695  of  your  textbook. 


A student  performs  the  “Inquiry  Lab”  and  gathers  the  following  data. 


Left 


Red 

0.214  m 

0.209  m 

Green 

0.150  m 

0.152  m 

Blue 

0.135  m 

0.139  m 

o 


Right 


Light 


TR  5.  Do  “Analysis”  questions  1 to  4 on  page  695  in  your  textbook  using  the  results  from  the 
previous  data. 


Read 


The  purpose  of  Thomas  Young’s  experiment 
was  to  demonstrate  the  wave  nature  of  light. 
Polarization  gave  further  evidence  to  support 
the  wave  model  of  light.  Read  pages  695-696 
of  your  textbook  to  find  out  about  polarization, 


polarization:  the  production  of  a state  in 
which  the  plane  of  the  electric  field  for  each 
electromagnetic  wave  occurs  only  in  one 
direction 


Watch  and  Listen 


View  the  animation  titled  “Polarization”  on  the  Physics  30  Multimedia  DVD. 
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Self-Check 

SC  5.  What  part  of  an  electromagnetic  wave  does  the  polar  filter  affect? 

SC  6.  Polarized  sunglasses  are  popular  with  people  who  fish  and  drive  boats.  Why  are  polarized 
sunglasses  popular  with  those  groups  of  people? 

SC  7.  The  liquid  crystal  display  (LCD)  used  on  calculator  screens,  cellular  phones,  MP3 
players,  LCD  TVs,  and  computer  projectors  use  polar  filters  to  block  some  colours  and  let  other 
colours  be  projected  onto  the  screen.  What  is  a possible  problem  if  you  wear  polarized 
sunglasses  and  attempt  to  use  an  LCD  product? 

Check  your  work  with  the  answers  in  the  Appendix. 


Discuss 


Three-dimensional  (3-D)  movies  are  popular 
again  at  movie  theatres.  The  technology  uses 
the  fact  that  we  have  binocular  vision  because 
we  use  two  eyes  that  each  takes  a picture  of  the 
world  at  a slightly  different  angle.  Your  brain 
assembles  the  two  pictures  to  create  a three- 
dimensional  view  of  the  world.  You  can  test  this 
by  looking  at  something  and  closing  one  eye 
and  then  the  other.  You  will  see  the  same  object 
but  from  a slightly  different  angle. 

In  the  1950s  and  1960s,  3-D  movies  were 
developed  that  projected  a red-coloured  version 
of  the  movie  and  a blue-coloured  version.  The 
audience  members  wore  a pair  of  cardboard 
glasses  with  a blue  lens  to  block  the  blue 
version  and  a red  lens  to  block  the  red  version 
(as  in  the  photo).  In  this  way,  each  eye  saw  only 
one  version  of  the  picture  from  its  perspective. 

The  viewer’s  brain  interpreted  this  as  a 3-D 
image  of  objects  coming  out  of  the  screen. 
Unfortunately,  the  colours  were  often  distorted 
because  of  the  colour  filters.  If  you  buy  a DVD 
of  a 3-D  movie  to  watch  on  your  home  TV,  this 
colour,  filtering  technology  creates  the  3-D 
effect. 


© Jesse  Kunerth/shutterstock 


© Andrew  Buckin  /shutterstock 
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Today  in  theatres,  however,  polar  filter  glasses  and  two  projectors  are  used  to  create  the  3-D 
effect.  The  big  advantage  is  that  the  polar  filters  don’t  distort  the  colours  of  the  movie. 

D 1.  Using  what  you  know  about  polar  filters,  explain  how  polarized  glasses  and  two  projectors 
can  be  used  to  create  a 3-D  picture.  Post  your  answer  in  your  discussion  area. 

D 2.  Read  what  other  students  have  suggested,  and  think  about  how  you  can  use  this  information 
to  improve  your  answer. 


Module  5:  Lesson  6 Assignment 


Go  to  the  Module  5 Assignment  Booklet  and  complete  question  D 3 as  part  of  your 
Module  5:  Lesson  6 Assignment. 

D 3.  Improve  your  answer  to  D 1 , and  state  what  improvements  you  made  to  your  solution  and 
why. 


Reflect  and  Connect 

Why  does  a diffraction  grating,  such  as  on  a CD 
or  DVD,  produce  a full  spectrum  rainbow  when 
white  light  is  incident  on  the  grooves  making  up 
the  track?  In  both  simulations  used  in  this 
lesson,  you  can  vary  the  colour  (wavelength)  of 
light  and  you  will  notice  that  the  interference 
pattern  shifts  location.  In  other  words,  the  dark 
and  light  bands  of  green  light  appear  at  different 
locations  than  the  dark  and  light  bands  of  red  or 
blue  light. 


This  occurs  because  the  amount  of  diffraction  depends  on  the  wavelength  of  light  when  all  other 
variables  are  held  constant.  Longer  wavelengths  diffract  through  larger  angles.  When  white  light 
is  incident  on  a diffraction  grating,  each  colour  diffracts  to  varying  degrees  according  to  its 
wavelength,  effectively  separating  the  colours.  This  makes  each  bright  fringe  appear  as  a mini- 
rainbow in  a larger  interference  pattern  of  bright  and  dark  fringes  similar  to  the  patterns 
observed  when  monochromatic  (single  colour)  light  is  used. 

The  processes  of  polarization,  diffraction,  and  interference,  as  observed  in  double-slit 
interference  experiments  like  Thomas  Young’s,  provide  strong  evidence  that  light  and  EMR  in 
general  exhibit  wave-like  characteristics. 


© langdu/shutterstock 
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Module  5:  Lesson  6 Assignment 


Remember  to  submit  the  Module  5:  Lesson  6 Assignment  to  your  teacher. 


Lesson  Summary 

At  the  start  of  this  lesson  you  were  asked  the  following  essential  questions: 

• What  is  diffraction? 

• What  is  an  interference  pattern? 

• What  is  the  significance  of  Thomas  Young’s  experiment  as  it  relates  to  the  wave  model  of 
light? 

• How  are  diffraction  patterns  solved  mathematically  in  ideal  and  experimental  conditions? 

In  this  lesson  you  learned  that  diffraction  occurs  when  any  wave  front  bends  or  changes 
direction  as  it  passes  by  the  sharp  edge  of  an  obstacle  or  through  a small  opening  in  the  obstacle. 

If  light  is  shone  through  two  small  openings  (a  double  slit),  the  diffracted  waves  form  an 
interference  pattern  characterized  by  a repeating  pattern  of  constructive  and  destructive 
interference,  which  is  explained  by  assuming  light  has  wave-like  characteristics.  For  this  reason, 
Thomas  Young’s  double-slit  experiment  and  observed  interference  pattern  provided  supporting 
evidence  for  the  wave  model  of  light. 

You  also  learned  that  the  interference  pattern  is  described  and  analyzed  as  follows: 

• On  either  side  of  the  central  antinode,  or  bright  fringe,  in  the  centre  of  the  pattern,  there  is 
a dark  fringe,  then  a bright  fringe,  then  a dark  fringe,  then  a bright  fringe,  and  so  on.  Each 
fringe  is  given  an  order. 

• Double-slit  diffraction  patterns  can  be  analyzed  mathematically  with  the  following  two 
equations.  The  first  equation  is  valid  for  a very  small  angle  6. 

X- — 

nL  n 

• The  bright  fringes,  or  antinodes,  are  the  location  of  constructive  interference  where  the 
path  difference  for  the  light  travelling  from  both  slits  is  a whole  number  of  wavelengths, 
where  ^ = 1,  2,  3,  4, .... 

• The  dark  fringes,  or  nodes,  are  the  location  of  destructive  interference  where  the  path 
difference  is  offset  by  a half-number  of  wavelengths,  where  n = 0.5,  1.5,  2.5,  3.5, .... 
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You  also  learned  that  diffraction  gratings  have  a large  number  of  equally  spaced,  parallel  lines. 
The  equations  that  describe  a two-slit  experiment  are  equally  useful  for  gratings  since  they  only 
rely  on  the  spacing  between  any  two  slits,  or  grooves,  such  as  those  making  up  the  track  on  a 
CD  or  DVD. 

Lesson  Glossary 

antinode:  the  opposite  of  node,  a point  on  a standing  wave  pattern  where  there  is  maximum 
displacement 

bright  fringes:  regions  of  constructive  interference  along  antinodal  lines 

constructive  interference:  occurs  when  two  waves  combine  to  produce  a resultant  wave  larger 
than  either  of  the  original  waves 

dark  fringes:  regions  of  destructive  interference  along  nodal  lines 

destructive  interference:  occurs  when  two  waves  combine  to  produce  a resultant  wave  smaller 
than  either  of  the  original  waves 

diffraction:  the  bending  and  spreading  of  waves  when  they  interact  with  obstacles  in  their  path 

diffraction  grating:  an  optical  component  that  has  a surface  covered  by  a regular  pattern  of 
parallel  lines  or  grooves  that  are  usually  separated  by  a distance  comparable  to  the  wavelength 
of  light 

node:  a point  on  a standing  wave  pattern  where  there  is  no  displacement  and  it  appears  to  be 
standing  still 

polarization:  the  production  of  a state  in  which  the  plane  of  the  electric  field  for  each 
electromagnetic  wave  occurs  only  in  one  direction 
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Module  Summary  and  Assessment 


Module  5:  Wave  Theory  of  Light  is  all  about  proving  that  light  is  a wave  and  not  a particle. 
Throughout  the  module,  you  studied  the  key  experiments  that  showed  EMR  is  a wave  by 
examining  its  characteristics: 

• production 

• speed  and  propagation 

• reflection 

• refraction 

• diffraction  and  interference 

Lesson  1 began  by  looking  at  the  electromagnetic  spectrum  and  how  EMR  is  produced,  starting 
with  low-energy  radio  waves,  going  up  to  the  rainbow  of  visible  light,  and  continuing  up  to 
high-energy  gamma  rays.  The  spectrum  is  organized  by  the  wavelength  and  frequency  of  the 
EMR  wave.  The  EMR  wave  is  a combination  of  changing  electric  and  magnetic  fields  at  right 
angles  to  each  other.  They  are  created  by  accelerating  charges  and  can  induce  currents  in 
antennas  as  a radio  does. 


All  of  the  wave  properties  of  EMR  were  summarized  by  Maxwell’s  electromagnetic  theory  and 
later  proved  by  Heinrich  Hertz,  who  used  a spark  gap  to  create  the  artificial  EMR,  now  called 
radio  waves.  You  discovered  that  radio  waves  are  very  common  today.  AM/FM  radios, 
cellphones,  garage-door  openers,  and  cordless  phones  operate  in  the  radio  range  of  the  spectrum. 


The  Electromagnetic  Spectrum 


Penetrates 
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Although  some  radiations  are  marked  as  N for  no  in  the  diagram,  some 
waves  do  in  fact  penetrate  the  atmosphere,  although  extremely  minimally 
compared  to  the  other  radiations. 


Adapted  from  image  courtesy  of  NASA 
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Lesson  2 was  about  the  speed  of  light  and  its  propagation.  You  learned  that  several  methods 
have  been  used  to  measure  the  speed  of  light.  As  the  technology  improved,  the  experimental 
results  improved,  culminating  with  Michelson’s  rotating  mirror  experiment  that  produced  the 
current  value  of  c = 3.00  x 10^  m/s.  You  also  learned  how  to  measure  the  speed  of  light  using 
the  interference  pattern  of  the  microwaves  in  a microwave  oven.  The  speed  of  light  further 
verified  Maxwell’s  theory  of  electromagnetic  waves. 

Lesson  3 was  about  exploring  reflection  and  how  it  supports  the  wave  nature  of  EMR.  You  saw 
how  specular  and  diffuse  reflection  of  light  waves  can  be  illustrated  using  ray  diagrams,  which 
identify  the  path  of  the  light  waves  using  arrows  (as  shown  in  these  two  diagrams). 


specular  reflection 


reflected  ray 


incident  ray 


You  learned  that  ray  diagrams  are  based  on  the 
law  of  reflection,  which  states  that  the  angle  of 
reflection  relative  to  the  normal  line  is  equal  to 
the  angle  of  incidence.  Ray  diagrams  and 
equations  are  used  to  predict  the  position  and 
characteristics  of  images  in  both  plane  (flat)  and 
curved  mirrors.  You  saw  how  reflection  and 

mirrors  are  used  in  many  of  today’s  modem  technologies,  such  as  digital  light  processing, 
telescopes,  and  satellite  dishes. 


target 
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In  Lesson  4 you  learned  that  refraction  supports 
the  wave  model  of  light.  Refraction  occurs 
when  a light  wave  changes  speed  when  the 
wave  transitions  from  one  medium  into  another 
and  changes  directions  (as  shown  in  the  diagram 
on  the  left).  You  learned  that  the  index  of 
refraction  is  based  on  the  velocity  of  light  in  a 
medium  and  how  Snell’s  Law  uses  the  index  of 
refraction  to  mathematically  describe  the 
change  in  direction  of  the  light  as  it  changes 
media,  velocity,  and  wavelength. 

sin  6^  ^1 

sin  62  V2  A2 


When  light  goes  from  a high-index  medium  to  a low-index  medium  and  the  angle  of  incidence 
is  equal  to  or  larger  than  the  critical  angle,  the  light  will  experience  total  internal  reflection 
instead  of  refraction.  The  light  will  stay  within  the  higher  index  medium.  One  application  of  this 
reflection  is  high-speed  communication  networks  using  light  instead  of  electricity,  which  can 
occur  because  total  internal  reflection  prevents  light  from  exiting  the  side  of  fibre  optic  cables. 

In  nature,  refraction  causes  rainbows  to  form  as  the  white  light  entering  raindrops  is  split  into 
the  visible  light  spectrum  because  the  different  wavelengths  of  visible  light  refract  at  slightly 
different  angles. 

This  led  to  Lesson  5 and 
the  application  of 
refraction  with  thin 

lenses.  To  explore  thin  . . , . , 

, / . , principal  axis  4^ 

lenses,  you  drew  light  C 

ray  diagrams  and  solved 

them  mathematically, 

similar  to  the  curved 

mirrors.  The  thin  lenses 

are,  for  example,  used  for  glasses,  telescopes,  and  microscopes. 


The  final  support  of  the  wave  nature  of  light  was  diffraction  and  polarization  in  Lesson  6.  You 
learned  that  diffraction  is  the  interference  of  light  after  it  passes  through  a system  of  slits  as 
exhibited  by  Young’s  double-slit  experiment.  The  interference  pattern  (shown  in  the  picture  that 
follows)  could  only  be  explained  by  using  wave  theory  and  is  shown  mathematically  in  the 

equations:  a A = nd  A = — . The  diffraction  interference  pattern  can  be  seen  in  the 

n nL 

rainbow  of  light  diffracted  by  everyday  objects  like  CDs  and  DVDs. 
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Finally,  the  wave  nature  of  light  was 
demonstrated  using  polar  filters  that  block 
different  amounts  of  light  depending  on  the 
filters’  orientation.  Polar  filters  absorb  the 
electric  field  of  the  EMR  and  only  allow  EMR 
through  that  is  vibrating  in  one  plane.  If  the 
filters  are  oriented  at  90°  to  each  other,  they 
absorb  all  of  the  wave  energy.  They  are  commonly  used  in  sunglasses  or  camera  filters  to  block 
glare  from  reflected  surfaces. 

Module  5 showed  you  that  the  wave  nature  of  EMR  is  supported  by  the  production,  speed, 
propagation  of  light,  reflection,  refraction,  diffraction,  interference,  and  polarization  of  light. 

The  wave  nature  of  EMR  will  be  built  upon  in  Module  6 where  you  will  be  introduced  to  the 
principle  of  wave-particle  duality  of  EMR  and  the  quantum  theory  of  physics. 

Module  Assessment 

Question  1 

Use  the  following  information  to  answer  this  graphing  question. 

You  will  complete  the  analysis  of  the  following  investigation  to  determine  the  index  of 
refraction  of  a glass  prism  shaped  like  the  letter  D. 

Materials 

• polar  graph  paper 

• D-shaped  glass  prism 

• laser 

• small  sheet  of  paper 

Procedure 

1 . Place  the  D on  the  polar  graph  paper  so  that  the  midpoint  of  the  straight  side  of  the  D is 
centred. 

2.  Shine  the  laser  toward  the  straight  side  of  the  D so  that  it  hits  the  midpoint  exactly.  To 
make  observations  easily,  hold  the  laser  so  that  the  beam  shines  along  the  polar  graph 
paper.  This  is  the  incident  beam. 

3.  Use  the  small  sheet  of  paper  as  a screen  to  observe  the  refracted  beam  after  it  leaves 
the  D. 

4.  Repeat  steps  2 and  3 for  several  angles  of  incidence  in  air. 
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The  polar  graph  paper  with  the  locations  of  the  D and  five  beams  is  shown. 


Observations 

Analysis 

Angle  of  Incidence 
in  Air  (degrees) 

Angle  of  Refraction  in 
Glass  (degrees) 

Sine  of  Angle 
of  Incidence 

Sine  of  Angle  of 
Refraction 

50.0 

33.0 

40.0 

27.0 

30.0 

21.0 

20.0 

14.0 

10.0 

7.0 
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Analysis 

Determine  the  index  of  refraction  of  the  glass.  In  your  response, 

• complete  the  table  by  calculating  the  sines  of  the  angles 

• provide  a graph  of  the  sine  of  the  angle  of  refraction  as  a function  of  the  sine  of  the  angle 
of  incidence 

• determine  the  slope  of  the  graph 

• explain  the  physics  significance  of  the  slope 

Marks  will  be  awarded  based  on  your  graph  and  on  the  mathematical  treatment  of  the  physics 
you  used  to  solve  this  problem.  You  will  be  graded  according  to  the  Graphic  Question  Scoring 
Guide  found  in  the  Appendix. 

Question  2 

Answer  the  following  holistic  question. 

You  have  seen  two  ways  to  produce  a spectrum  from  white  light.  Compare  and  contrast  the 
visible  spectrum  produced  by  diffraction  gratings  with  those  produced  by  triangular  prisms. 

You  will  be  graded  according  to  the  Holistic  Scoring  Guide  found  in  the  Appendix. 


This  spectrum  was 
produced  by  a 
triangular  prism. 

© 2009  Jupiterimages  Corporation 


This  spectrum  was  produced  by  a diffraction 
grating. 
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Module  Glossary 

antinode:  the  opposite  of  node,  a point  on  a standing  wave  pattern  where  there  is  maximum 
displacement 

bright  fringes:  regions  of  constructive  interference  along  antinodal  lines 

constructive  interference:  occurs  when  two  waves  combine  to  produce  a resultant  wave  larger 
than  either  of  the  original  waves 

converging  lens:  a lens  that  refracts  rays  travelling  parallel  to  the  principal  axis  inward  to  the 
focal  point  of  the  lens 

critical  angle:  for  any  two  mediiums,  the  size  of  the  incident  angle  that  causes  the  angle  of 
refraction  to  be  90° 

dark  fringes:  regions  of  destructive  interference  along  nodal  lines 

destructive  interference:  occurs  when  two  waves  combine  to  produce  a resultant  wave  smaller 
than  either  of  the  original  waves 

diffraction:  the  bending  and  spreading  of  waves  when  they  interact  with  obstacles  in  their  path 

diffraction  grating:  an  optical  component  that  has  a surface  covered  by  a regular  pattern  of 
parallel  lines  or  grooves  that  are  usually  separated  by  a distance  comparable  to  the  wavelength 
of  light 

diverging  lens:  a lens  that  refracts  rays  travelling  parallel  to  the  principal  axis  outward  so  that 
they  appear  to  have  originated  or  passed  through  the  virtual  focal  point  of  the  lens 

electromagnetic  spectrum:  a general  classification  of  all  electromagnetic  radiation  based  on 
wavelength,  frequency,  and  energy 

frequency:  the  number  of  cycles  per  unit  of  time  (Hz  = 1 cycle/second) 
incident  ray:  an  incoming  ray  of  light 

node:  a point  on  a standing  wave  pattern  where  there  is  no  displacement  and  it  appears  to  be 
standing  still 

normal  line:  a straight,  dashed  line  drawn  perpendicular  to  the  mirror  surface  at  the  point  of 
reflection 

(0in):  the  angle  between  the  incident  ray  and  the  normal  line 
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Ox  (0out):  the  angle  between  the  reflected  ray  and  the  normal  line 

polarization:  the  production  of  a state  in  which  the  plane  of  the  electric  field  for  each 
electromagnetic  wave  occurs  only  in  one  direction 

reflected  ray:  an  outgoing  ray  of  light 

refraction:  a change  in  the  direction  of  a wave  due  to  a change  in  its  speed 

refractive  index:  a ratio  comparing  the  speed  of  light  in  a vacuum  to  its  speed  in  a given 
medium 


sin 

Snell’s  Law:  for  any  angle  of  incidence  greater  than  zero,  the  ratio  of - n 

sm0^ 

thin  lens  equation:  an  equation  that  relates  image  distance,  object  distance,  and  the  focal  length 
of  a thin  lens 

total  internal  reflection:  the  reflection  of  a wave  that  is  travelling  from  a high-index  medium 
into  a low-index  medium  at  an  angle  equal  to  or  greater  than  the  critical  angle 

wavelength:  the  distance  between  adjacent  points  on  a wave  that  vibrate  in  phase  with  one 
another  (m) 
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Graphing  Question  Scoring  Guide 


(5  marks) 

Check  before  you  submit  your  work: 

Did  you  put  a title  on  the  graph? 

Did  you  label  each  axis  with  an  appropriate  title  including  units? 

Are  the  axis  scales  appropriate  to  the  size  of  the  graph? 

Is  the  equation  shown? 

Did  you  calculate  the  area  and  paraphrase  the  answer  with  the  correct  significant  digits  and 
appropriate  units? 

Scoring  Guides  for  Graphing  Skill-Based  Questions — Mathematical 

Treatment 


Score 

Description 

5 

• All  formulas  are  present. 

• All  substitutions  are  given  and  are  consistent  with  the  graphed  data. 

• The  relationship  between  the  slope,  area,  or  intercept,  and  the  appropriate 
physics  is  explicitly  communicated. 

• The  final  answer  is  stated  with  appropriate  significant  digits  and  with 
appropriate  units.  Unit  analysis  is  explicitly  provided,  if  required. 

Note:  One  minor  error  may  be  present.* 

• The  response  contains  implicit  treatment.** 

or 

4 

• The  response  contains  explicit  treatment  with  up  to  three  minor  errors  or 
one  major  error.*** 

3 

• The  response  is  incomplete  but  contains  some  valid  progress  toward 
answering  the  question;  e.g.,  coordinates  of  relevant  points  are  read 
correctly,  including  powers  of  10  and  units,  and  a valid  substitution  is 
shown. 

2 

• The  coordinates  of  one  relevant  point  are  read. 

• The  reason  for  requiring  a point  is  addressed  or  implied. 

1 

• A valid  start  is  present. 

0 

• Nothing  appropriate  to  the  mathematical  treatment  required  is  present. 
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*Minor  errors  include: 

• Misreading  a data  value  while  interpolating  or  extrapolating  up  to  one-half  grid  off. 

• Stating  the  final  answer  with  incorrect  (but  not  disrespectful)  units. 

• Stating  the  final  answer  with  incorrect  (but  not  disrespectful)  significant  digits. 

• Missing  one  of  several  different  formulas. 

** Implicit  treatment  means: 

• Substituting  appropriate  values  into  a formula  from  the  data  sheets  without  stating  the 
formula. 

• Starting  with  memorized,  derived  formulas  not  given  on  the  equations  sheet. 

• Substituting  the  value  from  one  calculation  into  a second  formula  without  communicating 
that  the  physics  quantity  in  the  two  formulas  is  the  same. 

***Major  errors  include: 

• Using  off-line  points  (most  often,  this  is  calculating  the  slope  using  data  points  that  are  not 
on  a linear  line  of  best  fit). 

• Using  a single  data  point  ratio  as  the  slope. 

• Missing  powers  of  10  in  interpolating  or  extrapolating. 
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Holistic  Question  Scoring  Guide 


(5  marks) 

Check  before  you  submit  your  work: 

Did  you  write  your  answer  as  a paragraph  with  proper  sentences? 

Did  you  clearly  answer  all  parts  of  the  question? 

Did  you  state  and  explain  any  relevant  physics  principles  as  shown  on  your  physics  data  sheet? 
Did  you  state  and  explain  any  relevant  equations? 


Holistic  Scoring  Guide 


Score 

Description 

5 

The  nature  of  a response  that  will  receive  a score  of  5 has  the  following 
characteristics: 

• The  response  addresses,  with  appropriate  knowledge,  all  the  major  concepts 
in  the  question  (all  bullets  must  be  attempted). 

• The  student  applies  major  physics  principles  in  the  response  (appropriate 
physics  principles  are  stated). 

• The  relationships  between  ideas  contained  in  the  response  are  explicit* 

(physics  principles  are  clearly  linked  to  the  application). 

• The  reader  has  no  difficulty  following  the  strategy  or  solution  presented  by 
the  student. 

• Statements  made  in  the  response  are  supported  explicitly.* 

Note:  The  response  may  contain  minor  errors  or  have  minor  omissions. 

4 

The  nature  of  a response  that  will  receive  a score  of  4 has  the  following 
characteristics: 

• The  response  addresses,  with  appropriate  knowledge,  all  the  major  concepts 
in  the  question  (all  bullets  must  be  attempted). 

• The  student  applies  major  physics  principles  in  the  response  (appropriate 
physics  principles  are  stated). 

• The  relationships  between  the  ideas  contained  in  the  response  are 
implied** (physics  principles  are  stated  but  not  properly  linked  to  the 
application). 

• The  reader  has  some  difficulty  following  the  strategy  or  solution  presented 
by  the  student. 

• Statements  made  in  the  response  are  supported  implicitly.** 

Note:  The  response  is  mostly  complete  and  mostly  correct,  although  it  may 
contain  errors  or  have  omissions,  and  contains  some  application  of  physics 
principles. 
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The  nature  of  a response  that  will  receive  a score  of  3 has  the  following 
characteristics: 

3 

• The  response  addresses,  with  some  appropriate  knowledge,  all  the  major 
concepts  in  the  question  (all  bullets  must  be  attempted). 

• The  student  does  not  apply  major  physics  principles  in  the  response  (all 
appropriate  physics  principles  are  not  stated). 

• There  are  no  relationships  between  the  ideas  contained  in  the  response 
(physics  principles  are  stated  but  not  applied). 

• The  reader  may  have  difficulty  following  the  strategy  or  solution  presented 
by  the  student. 

'y 

The  nature  of  a response  that  will  receive  a score  of  2 has  the  following 
characteristic: 

L 

• The  response  addresses,  with  some  appropriate  knowledge,  two  of  the 
major  concepts  in  the  question  (only  two  bullets  are  attempted). 

1 

The  nature  of  a response  that  will  receive  a score  of  1 has  the  following 
characteristic: 

• The  response  addresses,  with  some  appropriate  knowledge,  one  of  the 
major  concepts  in  the  question  (only  one  bullet  is  attempted). 

0 

• The  student  provides  a solution  that  is  invalid  for  the  question. 

*Explicit  means  the  response  is  clearly  stated;  the  marker  does  not  have  to  interpret. 
**Implicit  (implied)  means  the  response  is  not  clearly  stated;  the  marker  must  interpret. 

For  example: 

Explicit:  An  electron  has  a negative  charge  while  a proton  has  a positive  charge. 

The  answer  is  clear  with  no  possible  misinterpretation. 

Implicit:  An  electron  has  a negative  charge  while  a proton  does  not. 

The  answer  is  not  clear  because  the  marker  does  not  know  if  a proton  is  neutral  or  positively 
charged.  There  is  more  than  one  possible  way  to  interpret  the  answer. 
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Lesson  1 


Self-Check  Answers 

Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 

SC  1.  The  visible  light  part  of  the  spectrum  is  unique  because  that  is  the  only  part  of  the 
electromagnetic  spectrum  that  can  be  sensed  by  the  human  eye. 

SC  2. 

a.  The  frequency  and  the  energy  of  EMR  are  proportional;  as  the  frequency  doubles,  the 
energy  doubles. 

b.  The  wavelength  and  the  energy  of  the  EMR  are  inversely  proportional.  As  the 
wavelength  doubles,  the  energy  halves;  and  as  the  wavelength  decreases  to  one-third  of 
its  value,  the  energy  triples. 

SC  3. 

Given 

/ = 2.0x  lO'^  Hz 

v=  c 

c=  3.00x10*  m/s 
Required 

the  wavelength  of  the  wave 

Analysis  and  Solution 

fy- 

y_ 

f 

3.00X  10*  m/s 
2.0X  lO'^  Hz 
= 1.5x  lO"'*  m 

Paraphrase 

The  wavelength  of  the  infrared  wave  is  1 .5x  10^  m. 


v = 
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SC  4.  The  frequency  of  oscillation  in  the  transmitter  tower  matches  the  frequency  of  the  emitted 
radio  wave,  in  both  manual  and  oscillation  modes.  The  sine  wave  that  is  produced  is  a perfect 
representation  of  the  acceleration  of  the  electron  in  the  conductor. 

SC  5.  In  a real  transmission  tower,  an  electrical  potential  difference  causes  the  electrons  to 
accelerate.  Oscillating  the  electrical  potential  difference  results  in  an  identical  oscillation  of  the 
charge,  producing  a matching  sine  wave  of  EMR  that  propagates  outwards. 

SC  6.  The  electric  wave,  the  magnetic  wave,  and  the  direction  of  the  EMR  are  all  at  90°  to  each 
other,  like  the  x,  y,  and  z axes  of  a Cartesian  coordinate  system.  One  example  of  the  infinite 
possibilities  of  the  relationship,  if  the  wave  were  to  move  into  the  page,  would  be  that  the 
electric  field  could  oscillate  up  and  down  and  the  magnetic  field  could  oscillate  left  and  right. 

Lesson  2 


Self-Check  Answers 


Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 

SC  1. 


Given 

t — 22  min. 

= 1320  s 
d = 2x  radius 

= 2x(l.49xl0‘‘  m) 
= 2.98x10“  m 


Required 
the  speed  of  light 

Analysis  and  Solution 


t 


(2.98xl0“  m) 
(1320  s) 

= 2.3x10*  m/s 


Paraphrase 

Roemer  and  Huygens  determined  the  value  was  2.3  x 10^  m/s. 
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SC  2.  In  the  1700s,  the  fastest  form  of  transportation  was  a horse,  with  a top  speed  of 
approximately  70  kph  or  20  m/s.  Even  the  fastest  animal,  a cheetah,  had  a maximum  speed  of 
only  approximately  27  m/s.  William  Derham  (1657-1735)  was  the  first  person  to  measure  the 
speed  of  sound  as  3.4  x 10^  m/s.  The  speed  of  light  measured  at  3.0  x 10^  m/s,  which  was  about 
a million  times  faster  than  sound  and  was  fast  beyond  imagination. 

Even  today,  the  space  shuttle,  the  fastest  human  vehicle  ever,  has  a maximum  speed  of  7800 
m/s,  which  is  approximately  0.0026%  or  twenty-six  ten-thousandths  of  one  percent  of  the  speed 
of  light. 

Contact  your  teacher  if  your  answers  to  SC  3 to  SC  5 vary  significantly  from  the  answers 
provided  here. 

SC  3.  The  manipulated  variable  in  Fizeau’s  experiment  was  the  speed  at  which  the  toothed 
wheel  turned.  This  is  also  called  the  wheel’s  frequency  of  rotation. 

SC  4.  The  responding  variable  in  Fizeau’s  experiment  was  whether  or  not  the  observer  could  see 
the  light. 

SC  5.  In  the  first  experiment,  Fizeau  would  see  the  light  reflected  from  the  mirror.  As  the 
toothed  wheel  spun  faster,  the  tooth  would  start  to  block  the  reflected  light  source  so  Fizeau 
would  not  be  able  to  see  the  reflected  light  source.  As  the  wheel  continued  to  speed  up,  the  light 
source  would  again  become  visible  as  the  tooth  would  move  all  the  way  through  the  path  of  the 
light  before  the  reflected  light  reached  the  toothed  wheel. 

Lesson  4 


Self-Check  Answers 

Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 
SC  1. 

Given 
n=  1.33 

Required 

the  angle  of  refraction,  n2 
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Wave  Theory  of  Light 


Analysis  and  Solution 

^incident  _ ^ 
^refracted 


^refracted 


^refracted  “ 


sin  6- 


incident 


n 

sin  35.0° 


1.33 


^refracted 


Paraphrase 

The  angle  of  refraction  is  25.5°. 

SC  2. 


Given 


= 1.48 
Oj  = 35.0° 
= 1-33 


Required 

the  angle  of  refraction,  62 

Analysis  and  Solution 


sin  0^  — ^2  sin  ^2 


62  = sin' 


= sin 


sin  0 


(1.48)  sin  35.0^ 
L33 


= 39.7° 


Paraphrase 

The  angle  of  refraction  is  39.7°. 
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Lesson  6 


Self-Check  Answers 


Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 

SC  1. 

The  central  antinode  is  the  result  of  constructive  interference.  The  path  length  from  eaeh  hole  in 
the  grating  to  the  central  antinode  is  identical  so  the  path  difference  is  zero  (as  shown  in  the 
diagram).  Both  waves  arrive  in  phase  and  interfere  eonstructively  to  produee  the  bright  fringe. 


screen 

showing 

interference 

pattern 

central 

maximum 


SC  2. 

All  of  the  waves  arriving  at  the  central  antinode  are  completely  in  phase,  causing  complete 
construetive  interference.  The  other  bright  fringes  will  have  some  destruetive  interference  due  to 
multiple  slits  or  the  light  is  naturally  dimmer  because  it  is  not  the  first  order  maximum,  which  is 
the  brightest. 

SC  3. 

d = 0.33  mm 
= 3.3xl0“'^m 
n=  0.5 
0=  0.035° 


Required 


the  wavelength  of  the  light 
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Analysis  and  Solution 

^ _ d sin^ 

n 

(3,3x10“'' mj(sin0.035°) 

= P) 

= 4.0x10“^  m 
Paraphrase 

The  wavelength  is  4.0  x 10”^  m. 

SC  4. 

Given 

A = 465  nm 

= 4.65xl0“''m 
d — 0.50  mm 

= 0.50xl0“^m 
« = 4 

Required 

the  angle  of  diffraction  to  the  fourth  order  antinodal  line 

Analysis  and  Solution 


^_d?>m.9 

n 

9 = sin~^  I 

i d I 

= sin~^ 

(4)(4.65xl0“''m) 

(5.0x10“'' m| 

= 0.21° 
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Paraphrase 

The  angle  of  diffraction  to  the  fourth  order  antinodal  line  is  0.21°. 


SC  5.  The  polar  filter  absorbs  the  electric  field;  however,  you  can’t  have  a magnetic  field 
without  an  electric  field  so  the  wave  is  stopped  by  the  filter  when  the  electric  field  is  not  parallel 
to  the  slits  of  the  filter. 

SC  6.  The  polar  filter  absorbs  the  horizontally  polarized  light  reflected  from  the  water  that 
causes  the  most  irritating  glare.  Without  the  glare,  it  is  much  easier  to  see  what  is  under  the 
water,  be  it  a submerged  hazard  or  a fish.  Avoiding  glare  causes  less  eyestrain  when  outside 
near  reflective  surfaces. 

SC  7.  If  the  polar  lens  on  the  sunglasses  lines  up  at  90°  to  the  polar  filter  in  the  LCD,  then  the 
picture  could  be  colour  distorted  or  completely  invisible. 
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Wave-Particle  Duality  and  Quantum  Physics 


Module  6 — Wave-Particle  Duality  and  Quantum  Physics 


Module  Introduction 

In  Module  5 you  looked  at  many  experiments  that  proved  that  electromagnetic  radiation  (EMR) 
behaves  like  a wave.  In  the  late  1800s  and  into  the  1900s  new  experiments  showed  that  the 
behavior  of  EMR  was  more  complex  than  initially  believed.  Scientists  built  upon  their  previous 
knowledge  to  develop  a new  model  for  light  and  the  behaviour  of  atoms  as  physics  transitioned 
from  classical  physics  to  quantum  physics. 

In  Module  6 you  will  learn  about  the  idea  of  the  quantum.  You  will  see  some  of  the  work  done 
by  Planck,  Einstein,  Millikan,  and  de  Broglie.  You  will  also  be  introduced  to  the  wave-particle 
duality  of  electromagnetic  radiation. 

In  Module  6 evidence  related  to  the  quantum  model  and  wave-particle  duality  will  be  explored 
in  relation  to 

• blackbody  radiation  and  the  photon  as  a quantum  of  EMR 

• the  photoelectric  effect  and  the  conservation  of  energy 

• the  Compton  effect  and  the  conservation  of  momentum  and  energy 

This  will  be  explored  by  looking  at  experimental  evidence  provided  by  blackbody  radiation  and 
the  introduction  of  the  quantum  by  Planck;  the  photoelectric  effect  experiment  by  Einstein;  the 
momentum  of  photons  by  Compton;  and  matter  waves  by  de  Broglie,  Davisson,  Germer,  and 
G.P.  Thomson. 


Big  Picture 


At  the  turn  of  the  20th  century,  classical  physics 
described  electromagnetic  radiation,  such  as 
visible  light,  using  a wave  model  that  was 
supported  by  the  observations  you  explored  in 
Module  5.  It  was  also  at  this  time  that  new 
evidence  started  to  emerge  which  could  not  be 
explained  using  classical  physics.  Thus,  a new 
“quantum”  theory  of  electromagnetic  radiation 
was  bom. 


© Fedorenko  Oleg  Nikolaevich/shutterstock 
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This  new  evidence  is  related  to  how 
electromagnetic  radiation  is  absorbed  and 
emitted  by  various  materials.  For  example,  as 
molten  metal  is  heated  in  a blast  furnace  it  emits 
energy  in  a wide  spectrum  of  radiation, 
including  infrared  heat  apparent  to  those 
standing  nearby,  visible  light  (as  seen  in  the 
photo  on  the  right),  and  ultraviolet  light.  At 
increasing  temperatures,  more  energy  is  emitted 
in  specific  wavelengths.  This  is  similar  to  a 
stove  burner  that  is  black  when  cold  and 
appears  increasingly  red  as  it  becomes  hot. 
There  is  a specific  relationship  between  the  temperature  of  an  object  and  the  spectrum  of 
radiation  it  emits. 

Other  evidence  is  related  to  the  absorption  of  electromagnetic  radiation.  If  electromagnetic 
radiation  of  sufficient  energy  is  incident  on  a photovoltaic  cell  (solar  panel)  an  electrical  current 
is  produced  which  is  proportional  to  the  intensity  of  the  incident  radiation. 

Such  evidence  is  explained  using  the  concept  that  energy  transfers  are  quantized  or  bundled  in 
packets  called  “photons.”  Each  photon  has  a specific  amount  of  energy  that  is  related  to  its 
wavelength  or  frequency.  Furthermore,  the  conservation  of  momentum,  a principle  applied  to 
physical  objects,  can  also  be  demonstrated  with  X-rays  revealing  the  dual  particle  and  wave 
nature  of  electromagnetic  radiation. 

Explaining  the  absorption  and  emission  process 
required  moving  beyond  classical  physics  and 
introducing  the  quantum  model  to  explain  and 
understand  the  wave-particle  duality  of 
electromagnetic  radiation.  In  this  module  you 
will  learn  how  the  quantum  model  of  light 
actually  shows  the  wave-particle  duality  of 
EMR  even  though  EMR  was  shown  to  behave 
like  a wave  in  Module  5. 

As  you  are  working  in  Module  6,  keep  the 
following  questions  in  mind: 

• What  is  the  quantum  and  how  is  it  related  to  blackbody  radiation? 

• What  is  the  photoelectric  effect  and  how  does  it  support  wave-particle  duality? 

• How  does  the  conservation  of  momentum  and  energy  known  as  the  Compton  Effect 
support  wave-particle  duality? 
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Module  Assessment 

Each  lesson  has  a teacher-marked  assignment,  based  on  work  completed  in  the  lesson.  In 
addition,  you  will  be  graded  on  your  contributions  to  the  Discuss  section  of  each  lesson. 

You  will  also  be  asked  to  complete  Self-Check  or  Try  This  questions,  which  you  should  place  in 
your  Physics  30  course  folder.  These  are  not  formally  assessed  but  are  a valuable  way  to 
practise  the  concepts  and  skills  of  the  lesson.  These  activities  can  provide  you  with  reflective 
feedback  on  your  understanding  of  the  lesson  work. 

You  will  be  marked  for  your  lesson  work  on  the  following  items: 

• Module  6:  Lesson  1 Assignment 

• Module  6:  Lesson  2 Assignment 

• Module  6:  Lesson  3 Assignment 

At  the  end  of  the  module  you  will  complete  a module  assessment  that  consists  of  two  Diploma 
Exam-style  written-response  questions.  The  first  question  will  assess  your  knowledge  of  the 
photoelectric  effect  and  the  second  question  will  assess  your  knowledge  of  the  Compton  effect. 
You  will  find  these  questions  in  the  Module  6 Summary  and  Assessment.  If  you  have  any 
questions  contact  your  teacher. 


In  This  Module 

In  Module  6 evidence  related  to  the  quantum  model  and  wave-particle  duality  will  be  explored 
in  relation  to 

• blackbody  radiation  and  the  photon  as  a quantum  of  EMR 

• the  photoelectric  effect  and  the  conservation  of  energy 

• the  Compton  effect  and  the  conservation  of  momentum  and  energy 

Lesson  1 — Blackbody  Radiation  and  the  Quantum 

In  this  lesson  you  will  explore  the  relationship  between  colour  and  temperature  and  what  is 
meant  by  a blackbody  and  blackbody  radiation  curves.  You  will  also  learn  that  blackbody 
radiation  curves  can  be  explained  by  assuming  that  energy  is  emitted  from  hot  objects  in 
discrete  bundles,  or  photons,  each  capable  of  transferring  a minimum  quanta  of  energy. 

• How  is  blackbody  radiation  illustrated  graphically? 

• What  is  the  relationship  between  colour  and  temperature? 

• What  is  a quantum?  What  is  a photon? 
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Lesson  2 — The  Photoelectric  Effect 


In  this  lesson  you  will  investigate  what  is  meant  by  the  photoelectric  effect  and  how  it  is 
described  by  quantum  theory.  You  will  also  learn  how  the  photoelectric  effect  supports  the 
notion  of  wave-particle  duality. 

• What  is  the  photoelectric  effect? 

• How  is  the  photoelectric  effect  described  by  quantum  theory? 

• How  does  the  photoelectric  effect  support  the  notion  of  wave-particle  duality? 

Lesson  3 — Compton,  de  Broglie,  and  Wave-Particle  Duality 

In  this  lesson  you  will  learn  about  the  Compton  effect,  how  it  is  related  to  the  conservation  of 
energy  and  momentum,  and  that  it  supports  wave-particle  duality.  Under  the  context  of  the  de 
Broglie  hypothesis,  you  will  also  explore  whether  a particle  can  behave  as  a wave  if  light  can 
behave  as  a particle. 

• What  is  the  Compton  effect  and  how  is  it  related  to  the  conservation  of  energy  and 
momentum? 

• How  does  the  Compton  effect  support  wave-particle  duality? 

• If  light  can  behave  as  a particle,  can  a particle  behave  as  a wave? 

• What  is  de  Broglie’s  wave  equation? 


5 


Wave-Particle  Duality  and  Quantum  Physics 


Module  6 — Wave-Particle  Duality  and  Quantum  Physics 


Lesson  1 — Blackbody  Radiation  and  the  Quantum 
Get  Focused 

How  can  you  tell  when 
a stove  element  is  hot? 

When  it  is  off,  it  appears 
black  and  is  cool  to  the 
touch.  Turn  the  electric 
current  on  and  it  starts 
to  warm  up,  slowly 
taking  on  a red  glow 
that  becomes  more  and 
more  intense.  We  have 
come  to  associate  the 
colour  red  with  things 
that  are  hot,  like  the 
coals  in  a fire  or  the 
small  wires  in  your 
toaster.  At  even  greater 
temperatures,  objects 
appear  white,  indicating  © Aiexcy  stiop/shunerstock 
the  presence  of  many 

wavelengths  of  light  being  emitted.  The  filament  in  an  incandescent  light  bulb  is  a good 
example  of  something  that  is  nearly  white-hot. 

These  simple  observations  indicate  that  there  is  a relationship  between  the  temperature  of  a body 
and  the  wavelength  of  the  electromagnetic  energy  it  emits.  This  relationship  is  described  by 
blackbody  radiation  curves.  Initially,  the  relationship  between  temperature  and  the  wavelength 
of  the  emitted  radiation  didn’t  seem  very  complex,  but  classical  physics  was  not  able  to  explain 
it.  Hence,  quantum  physics  was  bom  to  explain  the  relationship  between  temperature  and  the 
wavelength  of  emitted  radiation. 

In  this  lesson  you  will  learn  about  blackbody  radiation  and  the  idea  of  the  quantum. 

In  this  lesson  you  will  answer  the  following  essential  questions: 

• How  is  blackbody  radiation  illustrated  graphically? 

• What  is  the  relationship  between  colour  and  temperature? 

• What  are  a quantum  and  a photon? 


6 


V?/ 

V Module  6:  Lesson  1 Assignment 


Blackbody  Radiation  and  the  Quantum 


Your  teacher-marked  Module  6:  Lesson  1 Assignment  requires  you  to  submit  responses  to  the 
following: 

• Assignment — A 1 , A 2,  A 3,  A 4,  A 5,  A 6,  and  A 7 

• Discuss — D 3 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 


Blackbody  Radiation 


blackbody:  any  object  that  absorbs  all  EMR 
that  falls  on  it  and  is  capable  of  being  a 
perfect  emitter,  releasing  energy  in  the  form 
of  EMR 


In  1 862  German  physicist  Gustav  Kirchhoff 
introduced  the  term  blackbody  to  describe  a 
hypothetical  object  that  absorbs  all  of  the 
electromagnetic  radiation  (EMR)  that  falls  on 
it.  In  theory,  the  energy  of  all  the  absorbed 

EMR  causes  the  blackbody  to  heat  up  and  become  a perfect  radiator,  emitting  energy  back  to  the 
environment  in  the  form  of  EMR.  Some  of  the  EMR  can  be  seen  in  red-  or  white-hot  objects  and 
longer  wavelengths  can  be  felt  as  heat.  The  heating  element  on  a stove  can  be  considered  a 
blackbody  radiator — you  can  feel  the  infrared  EMR  and  see  the  visible  EMR  at  sufficient 
temperatures. 


The  relationship  between  temperature  and  colour  can  be  summarized  using  a “Blackbody 
Spectrum”  simulation.  Go  to  the  Physics  30  Multimedia  DVD,  and  open  the  simulation  and  see 
what  happens  when  you  adjust  the  temperature  using  the  slider. 


As  illustrated  below,  the  simulation  shows  the 
observed  colour  of  an  object  at  the  temperature 
indicated  on  the  slider.  In  this  example,  a 
blackbody  radiation  curve  shows  the 
distribution  of  energy  by  wavelengths  released 
by  an  incandescent  light  bulb  when  it  is  3045 
Kelvin  (2772°C).  Notice  that  the  bulb  emits  most  of  its  energy  in  wavelengths  slightly  larger 
than  those  of  visible  light,  which  is  infrared  heat. 


blackbody  radiation  curve:  a graph  of  the 
intensity  of  EMR  versus  wavelength  for  an 
object  at  a given  temperature 

incandescent:  glowing  with  heat 
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Interestingly,  this  is  why  an  incandescent  light  bulb  is  very  inefficient  at  producing  light — 90% 
of  the  energy  it  consumes  produces  infrared  heat  rather  than  visible  light! 

One  interesting  thing  about  blackbody  radiation  curves  is  that  you  can  use  an  object’s  curve, 
along  with  its  observed  colour,  to  tell  the  object’s  temperature! 


amount  of  energy 
released  by  various 
wavelengths 


observed  colour  of  the  object 


blackbody  radiation  curve 


temperature  of 
the  object 


© The  University  of  Colorado,  under  the  GNU  General  Public  License  (GPL) 


Try  This 


TR  1.  Return  to  the  Physics  30  Multimedia  DVD.  Using  the  “Blackbody  Spectrum”  simulation, 
complete  the  third  relationship  between  colour  and  temperature. 

1.  Extremely  hot,  glowing  objects,  such  as  stars,  emit  a continuous  range  of  wavelengths, 
making  them  appear  white. 

2.  At  a given  temperature,  the  energy  emitted  by  a hot  object  comprises  a specific  range  of 
wavelengths,  giving  it  a unique  colour. 

3.  At temperatures,  an  object  emits  more  blue  light;  at temperatures,  it 

emits  more  red  light. 


Self-Check 

SC  1.  Using  the  radiation  curves  in  the  simulation,  explain  why  a light  bulb  appears  white  while 
an  oven  element  only  has  a slight  red  glow.  What  does  this  imply  about  the  temperature  of  the 
filament  in  a light  bulb  compared  to  that  of  an  element  in  a stove? 

Check  your  work  with  the  answer  in  the  appendix. 
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Blackbody  Radiation  and  the  Quantum 


Read 


Read  pages  704  and  705  of  the  textbook  for  more  information  on  blackbody  radiation  and 
curves.  Note  that  some  of  the  radiation  curves  shown  in  the  text  are  related  to  frequency  rather 
than  to  wavelength,  as  seen  in  the  simulation. 

The  Quantum 


\ 


intensity 


observed  curve 


\ classical  theory  curve 


wavelength  of  emitted  radiation 


The  explanation  for  blackbody  radiation  and,  in  particular,  the  shape  of  the  radiation  curves, 
could  not  be  found  in  classical  physics.  For  example,  classical  physics  predicts  that  as  an  object 
heats  up  it  should  start  releasing  energy  in  shorter  and  shorter  wavelengths,  since  this  is  the  most 
efficient  way  to  release  energy.  At  very  high  temperatures,  the  amount  of  energy  released  is 
maximized  by  the  release  of  ever-shorter  wavelengths. 


However,  the  blackbody  radiation  curves 
produced  by  hot  objects  show  that  even  at 
extremely  high  temperatures,  most  of  the 
energy  is  released  by  relatively  long 
wavelengths  with  little  or  no  energy  released 
by  very  short  wavelengths.  The  explanation  for 
the  shape  of  the  observed  curves  came  from 
Max  Planck  in  the  year  1900.  He  could  account 
for  the  shape  by  assuming  that  there  was  a 
specific  amount  of  energy  that  any  given  wavelength  of  radiation  could  exchange  with  its 
environment.  The  term  quantum  refers  to  this  specific  energy,  and  it  is  related  to  the 
wavelength  of  the  radiation  by  Planck’s  formula. 


quantum  {pi  quanta):  the  smallest  bundle  or 
packet  of  energy  that  a given  wavelength  or 
frequency  of  EMR  can  possess 

Planck’s  formula:  EMR  energy  is  the 
product  of  the  number  of  quanta,  Planck’s 
constant,  and  the  frequency  of  the  radiation, 

E = nhf 
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Planck’s  EMR  energy  is  the  product  of  the  number  of  quanta,  Planck’s  constant,  and  the 
frequency  of  the  radiation 

E = nhf 


Quantity 

Symbol 

SI  Unit 

quantum  energy 

E 

J 

Planck’s  constant 

h 

6.63  X 10“^'*  J*s 
or 

4.14  X 10"‘^eV-s 

frequency 

f 

Hz  or  /s 

number  of  quanta* 

n 

no  units 

* n refers  to  the  whole  number  of  quanta  that  make  up  the  total  amount  of  energy  {E) 
transferred  by  the  radiation;  therefore,  ??  = 1,  2,  3,  4, . . . . 


Note  that  Planck’s  formula  applies  equally  to  wavelength  as  it  is  related  to  frequency  by  the 
universal  wave  equation. 

c = f\ 


Planck’s  formula  represents  a fundamental  shift  in  theory.  In  this  system  the  amount  of  energy 
that  can  be  exchanged  between  radiation  and  its  surroundings  is  quantized,  or  limited  to  whole- 
number  multiples  of  the  smallest  unit  of  energy — the  quantum.  Furthermore,  the  value  of  each 
quantum  is  equal  to  the  product  of  Planck’s  constant  and  the  frequency  of  the  radiation  {E  = hf). 
The  concept  of  the  quantum  effectively  ended  classical  physics  and  gave  birth  to  quantum 
physics. 


Several  years  later  Albert  Einstein  proposed  that  radiation,  including  photon*  one 
visible  light,  could  be  quantized  regardless  of  whether  or  not  it  quantum  of  light 

exchanges  energy  with  its  surroundings.  In  1926  chemist  Gilbert  Lewis 
introduced  the  term  photon  to  describe  a single  quantum  of  light.  The  energy  of  one  photon  is 
given  from  Planck’s  formula  and  is  E = /z/ 


Read  “Einstein,  Quanta,  and  the  Photon”  on  page  706  of  the  textbook. 
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Try  This 


TR  2.  Complete  “Practice  Problems”  1,  2,  and  3 on  page  706  of  the  textbook. 

TR  3.  Complete  “Practice  Problems”  1,  2,  and  3 on  page  707  of  the  textbook. 

TR  4.  Complete  “Practice  Problems”  1 and  2 on  page  708  of  the  textbook. 

Energy  and  the  Spectrum 

Planck’s  formula  associates  photon  energy  with  the  frequency  of  radiation,  expanding  the 
electromagnetic  spectrum  to  show  the  energy  of  various  classifications  of  EMR. 
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Module  6:  Lesson  1 Assignment 

Go  to  the  Module  6 Assignment  Booklet  and  complete  questions  A 1,  A 2,  A 3,  A 4,  A 5,  A 6, 
A 7,  and  D 3. 

A 1.  Why  couldn’t  classical  physics  explain  blackbody  radiation  curves? 

A 2.  What  is  the  frequency  of  a 13.0-eV  photon? 

A 3.  What  is  the  wavelength  of  a 4.30x  10“*^-J  photon? 

A 4.  How  many  photons  with  a frequency  of  532  nm  are  released  each  second  by  a 5.0-mW 
laser? 

A 5.  As  a safety  precaution  when  working  with  lasers,  scientists  wear  red-coloured  glasses  that 
will  block  all  colours  but  red.  Why  is  a red  laser  safer  than  a blue  laser? 

A 6.  A person  lives  near  a 50-kW  radio  tower.  Why  is  it  safe  to  live  near  the  high-power  radio 
tower  but  dangerous  to  be  exposed  to  an  X-ray  machine  that  uses  7.5  kW? 

A 7.  Why  did  the  introduction  of  the  photon  effectively  end  classical  physics?  What  does  this 
mean  for  the  Christiaan  Huygens  theory  that  light  is  a series  of  waves  and  Thomas  Young’s 
double-slit  experiment? 
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Discuss 


D 1.  Develop  a mnemonic  that  will  help  you  remember  the  order  of  radiation  given  in  “Figure 
14.6”  on  page  709  of  the  textbook.  RMIVUXG  = Radio  Microwave  Infrared  Visible  Ultraviolet 
X-ray  Gamma.  Post  your  mnemonic  in  the  discussion  area  for  your  class. 


cloki/shutterstock 


D 2.  Using  the  concepts  of  quanta  and  photons,  explain  the  difference 
between  a 100-W  and  40-W  light  bulb  if  they  both  produce  only 
green  light.  Post  your  answers  in  the  discussion  area  for  the  following 
questions: 

• Why  does  the  1 00-W  bulb  appear  brighter  than  the  40-W  bulb? 

• Why  would  you  expect  the  1 00-W  bulb  to  feel  hotter  than  the 
40-W  bulb? 

• If  10%  of  the  energy  consumed  by  the  bulb  produces  green  light 
of  500  nm,  how  many  green  photons  does  each  bulb  produce 
each  second?  How  does  this  support  your  explanation  of 
brightness? 


D 3.  Read  the  answers  from  two  other  students  for  D 2 and  improve  your  own  answer.  Explain 
what  you  learned  from  reading  the  other  students’  answers  and  if  or  how  you  changed  your  own 
solution. 

Reflect  and  Connect 


Blackbody  radiation  curves  can  be  explained  using  quantum  theory.  Consider  the  stove  element. 
When  you  turn  on  the  stove,  the  element  absorbs  electrical  energy  and  begins  to  heat  up.  When 
the  temperature  of  the  stove  element  exceeds  that  of  the  surroundings,  it  releases  energy  with 
photons  in  the  infrared  range  of  wavelength  and  frequency.  Each  photon  transfers  a specific 
amount  of  energy.  As  the  element’s  temperature  continues  to  rise,  more  energy  is  radiated.  This 
can  be  achieved  by  emitting  more  photons  in  the  infrared  wavelength,  each  removing  a quantum 
of  energy  or  by  emitting  photons  with  a greater  frequency  (visible  light)  such  that  each  photon 
transfers  a larger  quantum  of  energy.  According  to  the  radiation  curves,  both  strategies  apply.  At 
greater  temperatures  the  curve  moves  upward  on  the  intensity  scale,  meaning  more  photons  are 
released.  At  high  temperatures,  the  curve  also  moves  laterally  to  higher  frequency  (smaller 
wavelength)  radiation,  adding  more  photons  that  transfer  higher  individual  quanta  of  energy. 
This  explains  why  the  stove  element  begins  to  glow  red  as  it  continues  to  heat  up.  At  peak 
temperature  it  will  release  most  of  the  energy  in  infrared  photons  and  the  remaining  energy  in 
visible  light  photons. 
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In  the  photo  on  the  right,  the  yellow-to-red 
colouring  in  the  coil  indicates  that  the 
temperature  is  greater  near  the  centre  and 
coolest  on  the  outside.  This  simple  observation 
and  the  quantum  theory  that  explains  it 
represent  a shift  from  classical  physics  to 
quantum  physics. 


Module  6:  Lesson  1 Assignment 


© john  austin/shutterstock 


Remember  to  submit  the  Module  6:  Lesson  1 
Assignment  to  your  teacher. 


Lesson  Summary 

In  this  lesson  you  focused  on  the  following  questions: 

• How  is  blackbody  radiation  illustrated  graphically? 

• What  is  the  relationship  between  colour  and  temperature? 

• What  are  a quantum  and  a photon? 

In  this  lesson  you  learned  that  a blackbody  refers  to  a hypothetical  object  that  absorbs  all  of  the 
electromagnetic  radiation  that  falls  on  it.  The  absorbed  energy  causes  the  blackbody  to  heat  up 
and  become  a perfect  radiator,  emitting  energy  back  to  the  environment  in  the  form  of 
electromagnetic  radiation.  The  intensity  and  wavelength  (or  frequency)  of  the  emitted  radiation 
can  be  used  to  construct  a blackbody  radiation  curve.  Such  curves  illustrate  the  emitted  energy 
distribution  in  terms  of  wavelength  (or  frequency)  versus  intensity  for  a blackbody  at  various 
temperatures.  The  curves  showed  that  as  the  temperature  increased,  the  frequency  and  intensity 
of  the  emitted  EMR  also  increased.  Attempts  to  explain  this  using  classical  physics  gave 
nonsensical  solutions. 

You  also  learned  that  the  radiation  curve  can  be  explained  by  assuming  that  energy  is  emitted 
from  hot  objects  in  discrete  bundles,  or  photons,  each  capable  of  transferring  a minimum  quanta 
of  energy  associated  with  its  wavelength  and  frequency  according  to  Planck’s  formula,  E = hf. 
Applying  the  formula  to  the  electromagnetic  spectrum  reveals  the  energy  of  the  photons  in  all 
the  general  classifications  of  the  spectrum. 

You  also  learned  that  for  physics  in  general,  the  idea  of  the  quantum  marked  the  end  of  classical 
physics  and  the  beginning  of  quantum  physics  by  showing  that  light  could  be  considered  a 
photon,  a particle. 
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Lesson  Glossary 

blackbody:  any  object  that  absorbs  all  EMR  that  falls  on  it  and  is  capable  of  being  a perfect 
emitter,  releasing  energy  in  the  form  of  EMR 

blackbody  radiation  curve:  a graph  of  the  intensity  of  EMR  versus  wavelength  for  an  object  at 
a given  temperature 

incandescent:  glowing  with  heat 

quantum  {pi.  quanta):  the  smallest  bundle  or  packet  of  energy  that  a given  wavelength  or 
frequency  of  EMR  can  possess 

photon:  one  quantum  of  light 

Planck’s  formula:  EMR  energy  is  the  product  of  the  number  of  quanta,  Planck’s  constant,  and 
the  frequency  of  the  radiation 
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Module  6 — Wave-Particle  Duality  and  Quantum  Physics 


Lesson  2 — The  Photoelectric  Effect 


Get  Focused 

Solar  panels  are 
designed  to  eonvert  the 
energy  of 
electromagnetie 
radiation  into  useable 
eleetrical  eurrent.  From 
powering  hand-held 
caleulators  to  charging 
batteries  and  providing 
household  electricity, 
the  solar  cell  is  a carbon 
dioxide-free,  renewable 
energy  resource.  It  is 
also  an  excellent 
example  of  how  photons 
interact  with  metal 
surfaces  in  a process 
that  sheds  light  on  the  quantum  nature  of  electromagnetic  radiation. 

Solar  cells  are  just  one  variation  of  many  applications  that  harness  the  photoelectric  effect,  a 
phenomenon  in  which  electrons  are  emitted  from  a metal  surface  after  absorbing  energy  from 
electromagnetic  radiation.  In  this  lesson  you  will  explore  the  photoelectric  effect  and  its 
relationship  to  quantum  theory. 

The  evolution  of  both  photoelectric  technology  and  quantum  theory  occurred  simultaneously. 
The  first  crude  solar  cells  were  developed  at  the  turn  of  the  1 9th  century  after  the  interaction 
between  radiation  and  metal  surfaces  was  observed  by  Heinrich  Hertz  in  his  classic  experiment 
to  produce  and  detect  EMR.  In  1905  Einstein  explained  this  effect  using  quantum  theory  and 
was  awarded  the  Nobel  Prize  for  it  in  1921 . By  that  time,  quantum  theory  had  become 
mainstream  in  scientific  circles.  In  1954  Bell  Laboratories  accidentally  discovered  that  silicon, 
when  mixed  with  certain  metal  impurities,  was  very  sensitive  to  light.  Four  years  later,  in  1958, 
both  Russian  and  American  satellites  deployed  solar  cell  technology  to  power  their  satellites. 
Today,  thanks  to  applications  in  space  exploration  and  research  and  an  understanding  of 
quantum  theory,  photoelectric  technology  is  deployed  in  countless  applications,  from  automatic 
door  openers,  to  remote  pumping  stations  in  northern  Alberta,  and  even  to  the  battery  chargers 
that  power  the  Spirit  and  Opportunity  rovers  on  Mars. 


© Adrian  Matthiassen/shutterstock 
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In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  the  photoelectric  effect? 

• How  is  the  photoelectric  effect  described  by  quantum  theory? 

• How  does  the  photoelectric  effect  support  the  notion  of  wave-particle  duality? 


Module  6:  Lesson  2 Assignment 


Your  teacher-marked  Module  6:  Lesson  2 Assignment  requires  you  to  submit  responses  to  the 
following: 

• Assignment — A 1,  A 2,  A 3,  A 4,  A 5,  A 6,  A 7,  A 8,  A 9,  and  A 10 

• Discuss — D 2 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 


After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 


The  Photoelectric  Effect 


Transmitter 


Radio  EMR 


Receiver 


UV  EMR 


Hertz  saw  a bright 
spark  with  the 
UV  light. 


Transmitter 


Radio  EMR 


Receiver 


Induction 

coil 


UV  EMR  (glass) 


Hertz  saw  a dim 
spark  with  the 
UV  light  blocked. 
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In  1887  during  his  investigations  into  Maxwell's  Theory  of  Electromagnetic  Waves  (Module  5: 
Lesson  1),  Heinrich  Hertz  discovered  the  photoelectric  effect.  As  shown  in  the  diagram  above, 
Hertz  found  that  the  ultraviolet  light  produced  by  the  spark  in  his  radio  transmitter  greatly 
enhanced  the  spark  that  was  observed  at  the  receiver.  This  provided  indirect  evidence  that  the 
electrons  in  some  metals  are  ejected  when  light  of  sufficient  frequency  contacts  it.  In  Hertz’s 
experiment,  the  ultraviolet  light  produced  by  the  spark  at  the  transmitter  supported  the 
production  of  a spark  at  the  receiver  by  ejecting  electrons  from  its  metal  surface.  When  the 
ultraviolet  light  was  blocked  from  reaching  the  receiver,  the  intensity  of  the  sparks  at  the 
receiver  was  noticeably  reduced. 


The  photoelectric  effect  is  based  on  the  fact 
that  certain  metallic  surfaces  lose  their  negative 
charges  when  exposed  to  ultraviolet  light. 

Consider  the  apparatus  illustrated  below.  When 
ultraviolet  light  is  incident  on  a polished  zinc 
surface,  the  negatively  charged  leaves  of  the  electroscope  fall.  This  indicates  that  the 
electroscope  loses  negative  charge  when  ultraviolet  light  makes  contact  with  the  polished  metal 
surface. 


photoelectric  effect:  the  emission  of 
electrons  when  a metal  is  illuminated  by  EMR 
with  a frequency  greater  than  or  equal  to  the 
metal’s  threshold  frequency 


polished  zinc  surface 


If  the  zinc  plate  is  replaced  with  a non-metal  photoelectron:  an  electron  emitted  from  a 
surface  such  as  glass,  the  electroscope  is  metal  because  of  the  photoelectric  effect 

unaffected  indicating  that  the  photoelectric 

effect  does  not  occur  on  the  surface  of  threshold  frequency:  the  minimum 

insulators.  frequency  that  a photon  can  have  to  cause 

photoemission  from  a metal 

It  was  found  that  a few  elements,  namely  the 

alkali  metals  (lithium,  sodium,  potassium,  rubidium,  and  cesium),  will  eject  electrons, 
commonly  referred  to  as  photoelectrons,  when  visible  or  UV  light  is  incident  on  them.  For  this 
reason  the  alkali  metals  are  commonly  used  in  photoelectric  cells  and  other  devices  that  make 
use  of  the  photoelectric  effect.  Metals  from  outside  the  alkali  group  will  also  eject 
photoelectrons  but  generally  require  higher  frequency,  higher  energy  EMR  beyond  the  visible 
spectrum  (UV,  X-ray,  and  Gamma  rays). 
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The  following  general  observations  have  been  made  with  regard  to  the  photoelectric  effect: 

• Electrons  are  emitted  instantly  when  EMR  isincident  on  the  surface.  There  is  no  time 
required  for  the  electrons  in  the  metal  to  build  up  energy  before  escaping. 

• A threshold  frequency  of  EMR  is  required  to  cause  the  emission  of  photoelectrons.  If  the 
light  shining  on  the  photoelectric  surface  is  below  a certain  frequency,  there  is  no 
photoelectron  emission  regardless  of  the  intensity,  or  brightness,  of  the  light.  If  the 
frequency  is  higher  than  the  threshold  frequency,  photoelectron  emission  occurs 
regardless  of  the  intensity.  This  is  the  minimum  frequency  of  EMR  that  causes  the 
photoelectric  effect  for  a specific  metal. 

• According  to  quantum  theory,  the  intensity,  or  brightness,  of  the  incident  light  indicates 
the  number  of  photons  being  emitted.  Therefore,  bombarding  a metal  with  many  photons 
at  a frequency  lower  than  the  threshold  has  no  effect. 

• Each  type  of  metal  has  its  own  characteristic  threshold  frequency. 

• When  the  frequency  of  the  incident  EMR  increases  beyond  the  threshold  frequency,  the 
kinetic  energy  of  the  released  photoelectrons  shows  a corresponding  increase.  (A 
photoelectron  is  a regular  electron  ejected  from  a metal  during  the  photoelectric  effect.) 

• If  the  light  is  at  or  above  the  threshold  frequency,  increasing  the  intensity  will  increase  the 
number  of  photoelectrons,  but  not  the  energy  of  any  individual  photoelectron.  The  current 
(C/s)  would  increase  because  more  electrons  are  released  each  second.  This  shows  that  the 
number  of  photoelectrons  is  proportional  to  the  number  of  photons. 

These  general  observations  can  be  illustrated  graphically. 


Graph  1:  Current  vs.  Intensity  of  Incident 


EMR 


intensity  of  incident  EMR 
(number  of  photons/second) 


Increasing  the  number  of  incident  photons 
above  the  threshold  frequency  causes  a 
corresponding  increase  in  the  number  of 
photoelectrons  emitted. 
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Graph  2:  Current  vs.  Frequency  of 
Incident  EMR 


photoelecrton 
current  (I) 


r 


threshold  frequency 


frequency  of  incident  EMR  (Hz) 


No  photoelectrons  are  emitted  when  the 
incident  light  is  below  the  threshold 
frequency.  At  or  above  the  threshold 
frequency,  a photoelectric  current  is 
produced,  which  is  related  to  the  intensity  or 
number  of  photons  (as  shown  in  Graph  1). 


Graph  3:  Current  vs.  Frequency  of 
Incident  EMR  for  Various  Metals 


photoelecrton 
current  (I) 


cesium 

potassium 

copper 


threshold  frequency  {f^)- 

frequency  of  Incident  EMR  (Hz) 


Each  metal  has  a unique  threshold  frequency 
that  must  be  met  before  any  photoelectrons 
are  emitted. 


Read  “The  Photoelectric  Effect”  on  pages  711  and  712  of  your  physics  textbook  for  more 
information. 


The  Photoelectric  Effect  and  Quantum  Theory 


Einstein  explained  the  general  observations  for  the  photoelectric  effect 
in  1905  using  Planck’s  quantum  hypothesis.  He  proposed  that  the 
energy  delivered  by  a single  incident  photon  is  defined  by  Ephoton  = hf 
and  that  a certain  amount  of  energy,  called  the  work  function,  is 
required  to  free  an  electron  from  a metal  surface.  For  example,  it  takes 
4.70  eV  of  energy  to  eject  an  electron  from  copper,  but  only  2.30  eV  of 
energy  is  required  to  free  an  electron  from  potassium.  The  work 
function  (fV)  is  related  to  the  threshold  frequency  by  Planck’s  equation, 
fV  = hfo.  Notice  that  in  Graph  3 on  the  previous  page  the  threshold 
frequency  for  both  copper  and  potassium  supports  this  idea.  Copper  has 
a higher  threshold  frequency  than  potassium  since  it  requires  more  energy  to  free  an  electron. 
This  means  that  when  a photon  with  energy  greater  than  that  of  a metal’s  work  function  is 
incident  on  the  surface,  a photoelectron  will  be  emitted. 


work  function:  the 

minimum  energy  that 
a photon  can  have  to 
cause  photoemission 
from  a metal 

Each  metal  has  a 
specific  work 
function. 


Einstein’s  theory  also  predicted  that  if  an  incident  photon  has  more  energy  than  the  metal’s 
work  function,  the  ejected  photoelectron  would  leave  with  some  kinetic  energy,  thus  supporting 
the  law  of  conservation  of  energy. 
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Watch  and  Listen 


© The  University  of  Colorado,  under  the  GNU  General  Public  License  (GPL) 


Experiments  performed  by  Robert  Millikan  in  1916  provided  the  evidence  to  support  Einstein’s 
photoelectric  theory.  A simulation  will  be  used  to  explore  a simplified  version  of  this  work. 


SIM  1.  You  will  need  “The  Photoelectric  Effect”  on  the  Physics  30  Multimedia  DVD  to 
complete  this  activity.  Open  the  photoelectric  effect  simulation^  and  adjust  the  intensity  slider 


) to  100%  and  select  the  ( 0 Current  vs  light  intensity  ) graph  mode. 


With  the  graph  showing,  slide  the  intensity  slider  to  0%  and  back  again  to  100%.  Does  the 
observed  graph  match  Graph  1 on  the  previous  page?  Explain  this  relationship  and  what 
“intensity”  means  in  a quantum  context. 


In  this  simplification  of  Millikan’s  experiment,  photons  above  the  threshold  frequency  strike  a 
metal  plate  in  an  evacuated  tube.  A positive  electrode  connected  to  a power  supply  collects  the 
emitted  photoelectrons,  thus  establishing  a photoelectric  current. 
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When  the  power  supply  polarity  is  reversed,  it  produces  an  electric  force  that  effectively  repels 
the  photoelectrons  and  slows  the  current.  At  sufficient  voltage — called  the  stopping  voltage  or 
stopping  potential  difference — the  photoelectric  current  observed  in  the  ammeter  drops  to  zero. 

stopping  voltage:  the  potential  difference  for  which  the  kinetic  energy  of  a photoelectron 
equals  the  work  needed  to  move  through  a potential  difference,  V 

SIM  2.  With  the  intensity  at  100%  and  the  wavelength  in  the  UV  range,  many  photoelectrons 
contribute  to  the  current  in  the  circuit  displayed  in  the  yellow  box.  Click  and  drag  the  voltage 


) to  adjust  the  electric  field  in  the  tube.  Observe 


the  charge  on  each  electrode.  What  happens  to  the  motion  of  the  photoelectrons?  Explain  why 
this  happens. 

SIM  3.  Set  the  photon  wavelength  to  298  nm  and  the  intensity  to  100%.  Using  the  battery  slider, 
determine  the  minimum  voltage  that  brings  the  current  to  zero  amps. 


Now  change  the  intensity  to  50%.  Using  the  battery  slider,  determine  the  minimum  voltage  that 
brings  the  current  to  zero  amps.  How  does  changing  the  intensity  affect  the  stopping  voltage? 

The  voltage  needed  to  "stop"  the  photoelectric  current  provides  an  indication  of  the  kinetic 
energy  of  the  photoelectrons.  Recall  that  the  energy  of  a charged  particle  in  a uniform  electric 
field  is  defined  by  £"  = Vq.  In  this  instance,  the  equation  can  be  written  as  E’k  = qKtop,  where  q is 
the  charge  of  an  electron  and  Utop  is  the  minimum  voltage  required  to  halt  the  current. 

Therefore,  measuring  the  voltage  required  to  stop  a photoelectric  current  gives  the  kinetic 
energy  of  the  photoelectrons.  Graphing  the  kinetic  energy  of  the  photoelectrons  (as  determined 
by  the  stopping  voltage)  versus  the  frequency  of  the  incident  radiation  produces  a graphical 
representation  of  the  photoelectric  effect. 

SIM  4.  Select  the  electron  energy  versus  light  frequency  graph 

( 0 p'ectron  energy^^  ) and  vary  the  wavelength  (and  by  extension  the 

frequency)  of  the  incident  EMR  ( 
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Sketch  the  graph  of  electron  energy  versus  light  frequency  (as  shown  below). 


0 Electron  energy  vs  light  frequency 


Frequency  (xIO'^IS  Hz) 


Your  graph  should  be  similar  to  the  following  graph,  which  was  presented  in  Millikan’s  1916 
investigation  into  the  photoelectric  effect. 


s| 

eI 

3 « 

E .2 
x cS 
« .E  1- 
S .X 


4.39x10''’ Hz 
or  a wavelength  longer 
than  683  nm  would 
not  eject  electrons 


The  fact  that  this  plot  was 
not  dependent  on  the 
intensity  of  the  incident  light 
implied  that  the  interaction 
was  like  a particle  that  gave 
all  its  energy  to  the  electron 
and  ejected  it  without  that 
energy  minus  the  energy  it 
took  to  escape  the  surface. 


0 4 6 8 10 

Frequency  x 10^''  (Hz) 

Physics  (Pearson  Education  Canada,  2007)  p714,  fig  14,12.  Reproduced  with 


nermi.^^stnn 


This  graph  is  described  mathematically  by  y = mx  + 6,  where  y is  the  kinetic  energy  of  the 
photoelectrons,  x is  the  frequency  of  the  incident  EMR,  m is  the  slope  of  the  line,  and  b is  the  y- 
intercept.  Comparing  this  equation  with  the  conservation  of  energy  gives  a mathematical 
expression  for  the  photoelectric  effect.  According  to  the  conservation  of  energy  principle,  the 
kinetic  energy  of  the  ejected  photoelectron  is  equal  to  the  difference  between  the  energy  of  the 
incident  photon  and  the  work  required  to  free  it  from  the  metal  surface  (the  work  function). 

This  can  be  stated  mathematically  (and  compared  to  the  graph  equation)  as  follows: 


y = mx-yb 

^ -^photon  “ ^ 

E^^hf-W 
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According  to  this  equation,  the  slope  of  the  line  for  photoelectron  energy  versus  incident  light 
frequency  is  equal  to  Planck’s  constant.  Therefore,  the  photoelectric  effect  provides  an 
experimental  way  to  measure  Planck’s  constant. 


According  to  the  conservation  of  energy  principle,  the  kinetic  energy  of  the  ejected 
photoelectron  is  equal  to  the  difference  between  the  energy  of  the  incident  photon  and  the 
work  required  to  free  it  from  the  metal  surface  (the  work  function). 


— ^photon  ^ 

?^;,op=v-A/„ 


Quantity 

Symbol 

SI 

Unit 

kinetic  energy 

J or 

eV 

energy  of  the  incident 
photon 

■^'photon 

J or 
eV 

work  function  of  the  metal 

w 

J or 
eV 

The  energy  of  a charged  particle  in  a uniform  electric  field  is  defined  by 

where  q is  the  charge  of  an  electron  (le“  or  1.6  x 10^’®  C)  and  Fstop  is  the  minimum  voltage 
required  to  stop  the  photoelectric  current. 

The  energy  of  a photon,  according  to  Planck’s  formula  is 

V.on=*/=X- 

where  c is  the  speed  of  light,/is  the  frequency  of  the  incident  radiation  and  h is  Planck’s 
constant  in  either  joules  or  electron  volts. 


A = 6.63x  lO-^^J-sORd.ld  X lO^'^eV'S 

The  work  function  can  be  defined  by  the  minimum  frequency  that  can  cause  photoemission, 
which  according  to  Planck’s  formula  is  If  = hf^ , where  fo  is  the  threshold  frequency 
(minimum  frequency  of  photon  required  to  cause  a photocurrent)  and  h is  Planck’s 
constant,  in  terms  of  joule  seconds  or  electron  volts  seconds. 


15 
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Example  Problem  1.  What  is  the  energy  (in  J and  eV)  of  a photon  of  blue  light  that  has  a 
frequency  of  6.67  x 10^^  Hz? 

Given 

/=6.67  X 10“*  Hz? 

Required 

the  energy  of  the  photon 

Analysis  and  solution 


E = hf  E = hf 

£ = |6.63xl0^^''  J.s)(6.67xl0‘''  Hz)  OR  =(4.14xl0“‘^  eV.s)|6.67xlo‘''  Hz) 

£ = 4.42x10“'^  J =2.76xlO“'%V 

Paraphrase 

The  energy  is  4.42  x 10"^^  J or  2.76  eV. 

Example  Problem  2.  Light  with  a wavelength  of  600  nm  is  directed  at  a metallic  surface  that 
has  a work  function  of  1.60  eV.  What  is  the  maximum  kinetic  energy  (in  J)  of  the  emitted 
photoelectrons,  their  maximum  speed,  and  the  voltage  needed  to  stop  the  photoelectric  current? 

Given 

A = 600  nm 
1L  = 1.60  eV 

Required 

the  kinetic  energy  of  the  emitted  photoelectrons,  their  maximum  speed,  and  the  voltage  needed 
to  stop  the  photoelectric  current 

Analysis  and  Solution 

First  convert  the  work  function  to  joules. 


£ = (l.60eV)x 


(l.60xl0“‘’  j) 
(1.00  eV) 


= 2.56x10“'’  J 


24 


The  Photoelectric  Effect 


Find  the  maximum  kinetic  energy. 


f — f —W 

~ ^photon 

E - — -W 


6.63x10“^''  J s)|3.00xl0*  "" 


=7.55x10“"“  J 


600x10“^  m 


-20 


2.56x10' 
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To  determine  the  speed  of  the  photoelectrons,  you  must  use  the  kinetic  energy  expressed  in 
joules;  eV  won’t  work  due  to  unit  incompatibility! 


v = 


V m 

12(7.55x10“^°  J) 
\ 9.11x10“^' kg 
v = 4.07x10^  m/s 


To  find  the  stopping  voltage, 

^kmax  ^e^stop 

y 

stop 


= 0.472  V 

Paraphrase 

The  kinetic  energy  of  the  photoelectrons  is  7.55  x 10“^®  J;  their  maximum  speed  is  4.07  x 10^ 
m/s;  and  the  stopping  voltage  is  0.472  V. 

Example  Problem  3.  An  electron  is  ejected  from  a metal  with  a speed  of  4.7  x 10^  m/s.  The 
threshold  frequency  of  the  metal  is  7.8  x 10^"^  Hz.  What  is  the  wavelength  of  the  incident 
photon? 


kmax 

% 

(7.55x10“^°  j) 
|l.60xl0“'°  c) 
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Given 


v = 4.7xl0'’~ 
s 

/q  =7.8x10^"^  Hz 


Required 

the  wavelength  of  the  incident  photon 

Analysis  and  Solution 


(6.63  J.s)(3.00xl0^  m/s) 

|(9.11xl0“^'  kg)(4.7xl0'’  m/s)^+ (6.63x10“^''  J.s)(7.8xl0“'  Hz) 

A = 1.9xl0'*  m 
Paraphrase 

The  wavelength  of  the  photon  is  1.9  x 10”^  m or  19  nm. 

Self-Check 

SC  1.  Go  to  the  Physics  30  Multimedia  DVD,  and  open  “The  Photoelectric  Effect.”  You  may 
check  your  understanding  of  the  photoelectric  effect  using  this  photoelectric  effect  tutorial. 

SC  2.  Go  to  the  Physics  30  Multimedia  DVD,  and  open  “Work  Function.”  You  may  check  your 
understanding  of  the  work  function  using  this  work  function  tutorial. 

Read 

Read  “Millikan’s  Measurement  of  Planck’s  Constant”  on  pages  713  to  716  of  your  physics 
textbook  for  more  information. 


^photon  - -^k  + ^ 

A 


A = 
A = 


he 


E^+W 

he 

jmv^+hf^ 
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Module  6:  Lesson  2 Assignment 


Go  to  the  Module  6 Assignment  Booklet  and  eomplete  questions  A 1,  A 2,  A 3,  A 4,  and  A 5. 

While  conducting  research  into  the  design  of  a light  sensor,  scientists  measure  the  kinetic  energy 
of  photoelectrons  that  have  been  ejected  from  an  unknown  metal  surface.  The  metal  is  exposed 
to  various  frequencies  of  EMR,  and  the  stopping  voltage  is  measured  to  obtain  the  kinetic 
energy  of  the  photoelectrons.  The  following  data  is  obtained; 


Incident  EMR 
frequency  x 10^"*  Hz 

Kinetic  energy  of 
photoelectrons  (eV) 

6.0 

0.38 

7.0 

0.80 

8.0 

1.20 

9.0 

1.63 

10.0 

2.04 

A 1.  Using  this  data,  plot  a kinetic  energy  versus  frequency  graph,  and  use  it  to  answer  questions 
A 2 to  A 5.  You  will  find  a blank  graph  in  your  Module  6:  Lesson  1 Assignment. 

A 2.  According  to  your  graph,  what  is  the  threshold  frequency  of  the  unknown  metal?  Label  it 
on  your  graph. 

A 3.  Determine  the  work  function  of  the  unknown  metal. 

A 4.  Using  “Table  14.1”  on  page  712  of  your  textbook,  identify  the  unknown  metal. 

A 5.  Using  your  graph,  determine  the  experimental  value  for  Planck’s  constant  (in  eV-s).  Label 
this  value  on  your  graph. 


Try  This 


TR  1.  Complete  “Practice  Problems”  1 and  2 on  pages  718  and  719  of  your  physics  textbook. 

TR  2.  If  you  want  more  practise,  you  have  the  option  of  trying  the  following  Photoelectric 
Effect  Practice  Problems. 
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Photoelectric  Effect  Practice  Problems 

1 . What  is  the  energy  of  a photon  of  blue  light  that  has  a frequency  of  7.50  x 10^"^  Hz? 

2.  What  is  the  energy  of  a photon  that  has  a wavelength  of  466  nm? 

3.  What  is  the  energy  of  a photon  that  has  a frequency  of  4. 50  x 10^"^  Hz? 

4.  What  is  the  wavelength  of  a photon  that  has  2. 1 eV  of  kinetic  energy? 

5.  A photoelectric  surface  has  a work  function  of  3.30  x 10“^^  J.  What  is  the  threshold 
frequency  of  this  surface? 

6.  What  is  the  stopping  voltage  of  an  electron  that  has  5.40  x 10“^^  J of  kinetic  energy? 

7.  A photoelectric  surface  requires  a light  of  maximum  wavelength  675  nm  to  cause 
electron  emission.  What  is  the  work  function  of  this  surface? 

8.  A photoelectric  surface  has  a work  function  of  2.75  eV.  What  is  the  minimum  frequency 
of  light  that  will  cause  photoelectron  emission  from  this  surface? 

9.  A photon  of  wavelength  43  nm  is  incident  upon  a metal  in  a photoelectric  apparatus.  A 
stopping  voltage  of  2 1 V was  obtained.  What  is  the  threshold  frequency  of  the  metal? 

10.  Light  with  a frequency  of  5.00  x 10^^  Hz  illuminates  a photoelectric  surface  that  has  a 
work  function  of  2.10  x 10”^^  J.  What  is  the  maximum  kinetic  energy  of  the  emitted 
photoelectrons? 

1 1 . Light  with  a wavelength  of  530  nm  falls  on  a photoelectric  surface  that  has  a work 
function  of  1.70  eV.  What  is  the  maximum  kinetic  energy  of  any  emitted  photoelectrons? 

12.  Electrons  are  ejected  from  a photoelectric  surface  with  a maximum  kinetic  energy  of  2.9 
eV.  If  the  photons  of  incident  light  have  energy  of  3.45  eV,  what  is  the  minimum 
frequency  needed  to  cause  photoelectron  emission? 

13.  A photon  of  frequency  7.2  x 10^^  Hz  is  incident  upon  a metal  whose  threshold  frequency 
is  8.9  X 10^"^  Hz.  What  is  the  speed  of  the  photoelectron? 

14.  Electrons  are  ejected  from  a photoelectric  surface  with  a maximum  speed  of  4.20  x 10^ 
m/s.  If  the  work  function  of  the  metal  is  2.55  eV,  what  is  the  wavelength  of  the  incident 
light? 

15.  A photoelectric  cell  is  illuminated  with  white  light  (wavelengths  from  400  nm  to  700 
nm).  What  is  the  maximum  kinetic  energy  of  the  electrons  emitted  by  this  surface  if  its 
work  function  is  2.30  eV? 
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Module  6:  Lesson  2 Assignment 

Return  to  the  Module  6 Assignment  Booklet  and  complete  questions  A 6,  A 7,  A 8,  A 9,  and  A 
10. 

A 6.  What  is  the  energy  of  a photon  that  has  a wavelength  of  460  nm? 

A 7.  A photoelectric  surface  has  a work  function  of  2.00  eV.  What  is  the  threshold  frequency  of 
this  surface? 

A 8.  A photon  of  frequency  8.2  x 10^^  Hz  is  incident  upon  a photoelectric  apparatus  containing 
a metal  whose  threshold  frequency  is  3.6  x 10^^  Hz.  What  is  the  stopping  voltage? 

A 9.  Electrons  are  ejected  from  a photoelectric  cell  with  a maximum  kinetic  energy  of  1.20  eV. 
If  the  incident  light  has  a wavelength  of  410  nm,  what  is  the  work  function  of  the  cell? 

A 10.  Light  with  a wavelength  of  425  nm  falls  on  a photoelectric  surface  that  has  a work 
function  of  2.0  eV.  What  is  the  maximum  speed  of  any  emitted  photoelectrons? 


Discuss 

D 1.  You  are  asked  to  explain  the  photoelectric  effect  in  terms  of  energy  to  a student  who 
missed  the  class.  In  your  explanation,  start  with  the  energy  of  the  incident  EMR  photons  and 
finish  with  the  energy  of  the  stopping  voltage.  Make  sure  to  include  the  following  terms  in  your 
answer:  threshold  frequency,  light  intensity,  photoelectron  current,  work  function,  photoelectron 
kinetic  energy,  and  stopping  voltage.  Post  your  answer  to  the  discussion  area. 


Module  6:  Lesson  2 Assignment 

Go  to  the  Module  6 Assignment  Booklet  and  complete  question  D 2.  Remember  to  submit  your 
answer  to  D 2 to  your  teacher  as  part  of  your  Module  6:  Lesson  1 Assignment. 

D 2.  Read  the  answers  to  D 1 from  at  least  two  other  students.  Revise  your  answer  from  D 1 and 
include  any  changes  you  made  and  how  they  improved  your  answer. 
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Reflect  and  Connect 

Is  light  a wave?  Is  it  a particle?  Is  it  both? 

The  photoelectric  effect  supports  the  notion  of 
wave-particle  duality  for  electromagnetic 
radiation.  The  classical  wave  theory  based  on 
Maxwell’s  electromagnetic  waves  was  unable  to 
explain  several  characteristics  of  the 
photoelectric  effect.  The  instant  release  of 
photoelectrons  when  the  EMR  is  incident  on  the 
metal  meant  that  classical  waves  were  not  being 
continually  absorbed  until  enough  energy  had 
accumulated  to  eject  a photoelectron.  The 
energy  must  be  absorbed  in  bundles,  or  photons 
(light  quanta),  suggesting  a particle  nature  for 
the  incident  EMR.  There  was  also  no  clear 
relationship  between  the  brightness,  or  intensity, 
of  the  EMR  and  the  kinetic  energy  of  the 
released  photoelectrons.  Again,  this  is 
understood  by  limiting  the  energy  of  each 
photon  to  a specific  value,  or  light  quanta. 

The  idea  of  light  quanta  (photons)  treated  EMR 
as  a particle,  which  helped  scientists  understand  the  photoelectric  effect.  In  combination  with 
the  wave-like  characteristics  of  EMR  from  other  experiments,  the  notion  of  wave  and  particle 
characteristics  took  on  more  meaning  and,  in  doing  so,  promoted  the  notion  of  wave-particle 
duality. 


Module  6:  Lesson  2 Assignment 


Remember  to  submit  the  Module  6:  Lesson  2 Assignment  to  your  teacher. 

Lesson  Summary 

You  explored  the  following  questions  in  this  lesson: 

• What  is  the  photoelectric  effect? 

• How  is  the  photoelectric  effect  described  by  quantum  theory? 

• How  does  the  photoelectric  effect  support  the  notion  of  wave-particle  duality? 

In  this  lesson  you  learned  that  the  photoelectric  effect  is  characterized  by  the  following  general 
observations: 
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• Electrons  are  emitted  instantly  when  EMR  is  incident  on  the  surface. 

• A threshold  frequency  of  EMR  is  required  to  cause  the  emission  of  photoelectrons.  If  the 
light  shining  on  the  photoelectric  surface  is  below  a certain  frequency,  there  is  no 
photoelectron  emission,  regardless  of  the  intensity,  or  brightness,  of  the  light.  If  the 
frequency  is  higher  than  the  threshold  frequency,  photoelectron  emission  occurs 
regardless  of  the  intensity. 

• Each  type  of  metal  has  its  own  characteristic  threshold  frequency  and  when  the  frequency 
of  the  incident  EMR  increases  beyond  the  threshold  frequency,  the  kinetic  energy  of  the 
released  photoelectrons  shows  a corresponding  increase. 

• If  the  light  is  at  or  above  the  threshold  frequency,  increasing  the  intensity  will  increase  the 
number  of  photoelectrons,  but  not  the  energy  of  any  individual  photoelectron. 

These  general  observations  can  be  illustrated  graphically  and  were  explained  by  Einstein  in 
1905  using  Planck’s  quantum  hypothesis.  He  proposed  that  the  energy  delivered  by  a single 
incident  photon  is  defined  by  Planck’s  formula  and  that  a certain  amount  of  energy,  called  the 
work  function,  is  required  to  free  an  electron  from  a metal  surface.  According  to  the 
conservation  of  energy  principle,  any  extra  energy  is  contained  in  the  motion  of  the 
photoelectron  as  it  leaves  the  metal  surface.  Mathematically,  it  is  described  as  follows: 


~ ^photon  ^ 

«f;,op=¥-Vo 


These  relationships  were  verified  by  Millikan’s  experiments  using  stopping  voltage  to  measure 
accurately  the  kinetic  energy  of  the  photoelectrons. 


Electron  Knetic  Energy  vs.  Frequency  if  Incident  EMR 


frequency  (/)  x Hz 
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The  photoelectric  effect  can  also  be  illustrated  graphically  by  plotting  the  photoelectron  kinetic 
energy  versus  the  frequency  of  the  incident  light.  When  this  is  done,  the  graph  forms  a straight 
line  defined  by  y = mx  + b,  which  means,  according  to  the  mathematical  definition  of  the 
photoelectric  effect,  the  slope  of  the  line  is  equal  to  Planck’s  constant  and  the  x-intercept  is 
equal  to  the  threshold  frequency  of  the  metal. 

Einstein’s  explanation  of  the  photoelectric  effect  treated  EMR  as  if  it  had  particle  characteristics 
in  terms  of  light  quanta.  Doing  so  helped  scientists  understand  the  photoelectric  effect.  In 
summary,  the  photoelectric  effect,  in  combination  with  the  wave-like  characteristics  of  EMR 
from  other  experiments,  supported  the  notion  that  EMR  has  both  particle-  and  wave-like 
characteristics,  thereby  promoting  the  notion  of  wave-particle  duality. 

Lesson  Glossary 

photoelectric  effect:  the  emission  of  electrons  when  a metal  is  illuminated  by  EMR  with  a 
frequency  greater  than  or  equal  to  the  metal’s  threshold  frequency 

photoelectron:  an  electron  emitted  from  a metal  because  of  the  photoelectric  effect 

stopping  voltage:  the  potential  difference  for  which  the  kinetic  energy  of  a photoelectron  equals 
the  work  needed  to  move  through  a potential  difference 

threshold  frequency:  the  minimum  frequency  that  a photon  can  have  to  cause  photoemission 
from  a metal 

wave-particle  duality:  the  notion  that  EMR  has  both  wave-like  and  particle-like  characteristics 

work  function:  the  minimum  energy  that  a photon  can  have  to  cause  photoemission  from  a 
metal 

Each  metal  has  a specific  work  function. 
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Module  6 — Wave-Particle  Duality  and  Quantum  Physics 


Lesson  3 — Compton,  de  Broglie,  and  Wave-Particle  Duality 


Get  Focused 

The  image  on  the  right  is  of  a black  fly’s  head 
as  seen  through  an  electron  microscope.  At  this 
resolution  and  magnification,  it  may  not  look 
like  any  fly  you’ve  ever  seen!  With  the  aid  of  an 
electron  microscope,  however,  you  can  clearly 
see  the  details  in  the  compound  eyes  and  the 
skin-piercing  mouthparts  that  it  bites  with.  In 
fact,  the  resolution  in  this  image  shows  details 
that  cannot  even  be  seen  in  a visible-light 
microscope.  This  is  because  visible  light  cannot 
be  reflected  from  objects  that  are  smaller  than 
its  wavelength.  In  effect,  you  can’t  see  an  object 
that  is  smaller  than  about  400  nm  using  visible 
light.  To  see  details  that  are  even  smaller,  an 
electron  microscope  is  needed. 

The  term  “electron  microscope”  should  seem 
odd  to  you  now,  since  you’ve  learned  that  an 
electron  has  been  treated  as  a particle  and  that  a 
microscope,  which  operates  on  the  principles  of  reflection  and  refraction,  should  only  apply  to 
waves.  How,  then,  could  such  technology  work?  Is  it  based  on  wave-particle  duality?  Who 
predicted  that  an  electron  could  be  used  for  microscopy,  and  why?  In  this  lesson  you  will 
explore  wave-particle  duality. 


Copyright  © 2007  Dennis  Kunkel  Microscopy,  Inc. 


In  this  lesson  you  will  answer  the  following  essential  questions: 

• What  is  the  Compton  effect  and  how  is  it  related  to  the  conservation  of  energy  and 
momentum? 

• How  does  the  Compton  effect  support  wave-particle  duality? 

• If  light  can  behave  as  a particle,  can  a particle  behave  as  a wave? 

• What  is  de  Broglie’s  wave  equation? 
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Module  6:  Lesson  3 Assignment 

Your  teacher-marked  Module  6:  Lesson  3 Assignment  requires  you  to  submit  responses  to  the 
following: 

• Assignment — A 1,  A 2,  A 3,  A 4,  A 5,  A 6,  A 7,  and  A 8 

• Discuss — D 2 

The  other  questions  in  this  lesson  are  not  marked  by  the  teacher;  however,  you  should  still 
answer  these  questions.  The  Self-Check  and  Try  This  questions  are  placed  in  this  lesson  to  help 
you  review  important  information  and  build  key  concepts  that  may  be  applied  in  future  lessons. 

After  a discussion  with  your  teacher,  you  must  decide  what  to  do  with  the  questions  that  are  not 
part  of  your  assignment.  For  example,  you  may  decide  to  submit  to  your  teacher  the  responses  to 
Try  This  questions  that  are  not  marked.  You  should  record  the  answers  to  all  the  questions  in 
this  lesson  and  place  those  answers  in  your  course  folder. 


Explore 

The  Compton  Effect 


Einstein’s  photon  model  of  the  photoelectric  effect  suggested  that  a 
photon  behaves  as  a particle.  Other  experimental  observations  also 
supported  the  idea  that  a photon  behaves  as  a particle.  While 
experimenting  with  X-rays  directed  at  graphite  blocks,  Arthur  Compton 
observed  what  is  now  known  as  the  Compton  effect.  He  noticed  that 
when  X-rays  are  scattered  by  a graphite  block,  there  is  a subtle  change 
in  their  wavelength  and  that  this  change  is  related  to  the  angle  at  which 
the  X-rays  are  scattered.  The  scattering  of  an  X-ray  when  it  collides 
with  an  electron  is  now  known  as  Compton  scattering. 


Compton  observed  the  energy  and  momentum  of  the  incident  X-ray,  the 
scattered  X-ray,  and  the  electron  and  discovered  that  the  collision 
demonstrated  the  conservation  of  momentum  and  energy — just  as  it 
would  for  an  elastic  collision  between  two  particles.  The  experimental 
design  is  similar  to  that  of  a photoelectric  effect,  except  using  X-rays  rather  than  lower  energy 
EMR. 


Compton  effect:  an 

increase  in 
wavelength  of  an 
X-ray  as  a result  of 
its  interaction  with 
matter 

Compton 
scattering:  the 

scattering  of  an 
X-ray  when  it 
interacts  with  an 
electron 
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In  terms  of  energy,  Compton  found  that  the  total  energy  of  the  incident  X-ray  and  the  electron 
before  the  collision  were  equal  to  the  total  energy  of  the  scattered  X-ray  and  the  ejected  electron 
after  the  collision.  This  shows  that  the  collision  that  occurred  is  perfectly  elastic. 

In  terms  of  momentum,  it  is  possible  to  generate  an  expression  for  the  momentum  of  a wave 
using  Einstein’s  equation  £ = ^^2  Accordingly,  mass  and  energy  are  just  different  forms  of 
the  same  thing. 


Manipulating  the  equation  in  terms  of  mass  gives  m — — . 


The  familiar  momentum  equation  P — can  also  be  expressed  in  terms  of  mass:  rn  = — ■ 

V 


Putting  the  two  equations  together  gives  p = — , since  v = c for  a photon  travelling  at  the  speed 

c 

of  light. 


Substituting  E = hf  = — produces  the  following  two  equations  that  describe  the  momentum  of 
A 

a photon:  p = ^ orp  = —. 

c A 


By  measuring  the  wavelengths  of  the  incident  and  scattered  X-rays  as  well  as  the  velocity  of  the 
ejected  electron,  Compton  was  able  to  analyze  the  momentum  involved  in  the  collision  between 
a photon  and  an  electron.  He  determined  that  the  total  momentum  of  the  incident  X-ray  photon 
was  equal  to  the  total  momentum  of  the  scattered  X-ray  photon  and  the  ejected  electron.  Indeed, 
the  collision  appears  to  behave  as  a perfectly  elastic  collision  between  two  particles. 


Self-Check 


SC  1.  Complete  the  “Concept  Check”  on  page  721  of  your  physics  textbook. 

SC  2.  Draw  a vector  addition  diagram  to  show  the  conservation  of  momentum  applied  to  the 
Compton  effect  shown  in  the  diagram  above. 

Check  your  work  with  the  answer  in  the  appendix. 
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The  Compton  Equation 

As  noted  above,  the  change  in  wavelength  of  the  incident  photon  varies  depending  on  the 
scattered  angle.  Using  algebra  and  Einstein’s  theory  of  relativity,  the  Compton  scattering  can  be 
analyzed  mathematically  with  the  following  equation. 


The  change  in  wavelength  of  the  X-ray  before  and  after  the  collision  is  related  to  the  angle 
at  which  it  scatters. 


AA  = — (l-cos6») 

me  ^ ' 


Note:  change  in  wavelength 


Quantity 

Symbol 

SI 

Unit 

wavelength 

X 

m 

Planck’s  constant 

h 

6.63  X 
10-^^ 

J«s 

mass  of  an  electron 

m 

9.11  X 
10“^^ 
kg 

scattering  angle — the  angle 
between  the  incident  ray  and 
the  scattered  ray 

e 

degrees 

Watch  and  Listen 


Go  to  the  Physics  30  Multimedia  DVD,  and  open  “Compton  Effect”  to  see  a demonstration  of 
Compton's  work. 


Read 


Read  “The  Compton  Effect”  on  pages  721-725  of  your  physics  textbook. 


Try  This 


TR  1.  Complete  “Practice  Problems”  1 and  2 on  page  723  of  your  physics  textbook. 
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TR  2.  Complete  “Praetiee  Problem”  1 on  page  724  of  your  physies  textbook. 


Energy  of  a Photon 


So  far  you've  been  working  with  two  forms  of  the  equation  to  find  a photon’s  energy:  E = hf 

and  E = ~ .By  rearranging  the  momentum  formula  above,  you  now  have  a third  equation  for  a 
A 


photon’s  energy:  E — pc , where  p is  the  momentum  of  the  photon  in  kg*m/s  and  c is  the  speed 
of  light  in  a vaeuum. 


Conservation  of  Energy 

The  eollision  observed  in  Compton’s  experiment  is  perfeetly  elastie,  so  the  kinetic  energy  is 
conserved. 


Recall:  Most  collisions  observed  in  real  life  are  not  perfectly  elastic.  In  these  collisions  some  of 
the  initial  kinetic  energy  is  transformed  into  other  forms,  such  as  heat  and  sound.  In  collisions 
that  are  not  perfectly  elastic,  £’k  fmai  < initial. 


The  kinetic  energy  of  the  incident  X-ray  photon  is  equal  to  the  kinetic  energy  of  the 
scattered  X-ray  photon  plus  that  of  the  recoil  electron. 


kf 


P P I p 

“^incident  photon  ^scattered  photon  ^electron 

. I 2 
p^c  + -mv 


Quantity 

Symbol 

SI  Unit 

momentum 

P 

kg-m/s 

speed  of  light  in  a 
vacuum 

c 

3.00  X 10* 

m/s 

mass  of  an  electron 

m 

9.11  X 10“*‘ 
kg 

velocity  of  the  recoil 
electron 

V 

m/s 
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Try  This 


TR  3.  Complete  “Practice  Problem”  3 on  page  723  of  your  physics  textbook. 


Module  6:  Lesson  3 Assignment 


Go  the  Module  6 Assignment  Booklet  and  complete  questions  A 1,  A 2,  A 3,  and  A 4. 

A 1.  What  is  the  difference  between  the  photoelectric  effect  and  the  Compton  effect? 

A 2.  How  does  the  Compton  effect  show  the  wave-particle  duality  of  light? 

A 3.  An  X-ray  with  a frequency  of  3.74  x 10^^  Hz  is  incident  on  a thin  piece  of  metal.  The  lower 
frequency  X-ray  on  the  other  side  is  observed  deflected  at  48°.  What  is  the  frequency  of  the 
deflected  X-ray? 

A 4.  The  scientist  changes  the  frequency  of  the  incident  X-ray  to  4.50  x 10^^  Hz  and  measures 
the  deflected  X-ray  frequency  of  4.32  x 10^^  Hz.  What  is  the  angle  of  deflection? 

De  Broglie’s  Wave  Equation 


The  photoelectric  effect  and  the  Compton  effect  both  demonstrate  the  particle  characteristics  of 
a photon  supporting  the  notion  of  wave-particle  duality.  A natural  consequence  of  this  is  to  ask 
if  a particle,  such  as  an  electron,  could  behave  like  a wave.  Louis  de  Broglie  introduced  this  idea 
in  1923.  He  proposed,  based  on  Compton’s  findings,  that  matter-possessing  momentum  has  a 

h 

characteristic  wavelength  according  to  A = — . 

For  an  electron  travelling  near  the  speed  of  light,  this  equation  becomes  A = — . 

mv 


The  first  evidence  of  matter  waves  came  several  years  later  when  physicists  C.J.  Davison  and 
L.H.  Germer  accidentally  discovered  that  a beam  of  electrons  can  create  an  interference  pattern. 
Ultimately,  this  discovery  contributed  to  the  development  of  the  modem  electron  microscope. 


Watch  and  Listen 


Go  to  the  Physics  30  Multimedia  DVD,  and  open  “de  Broglie  Waves”  to  see  a demonstration  of 
de  Broglie's  work. 
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Read  “Then,  Now  and  Future,  The  Electron 
Microscope”  on  page  727  and  “De  Broglie’s 
Wave  Hypothesis:  Strange  but  True!”  on  page 
729  of  your  physics  textbook. 

As  you  discovered  in  the  reading  about  electron 
microscopes,  the  magnification  of  a microscope 
depends  on  the  inverse  of  the  wavelength  that 
produces  the  image.  The  electron  microscope  is 
able  to  generate  matter  waves  with  wavelengths 
much  smaller  than  that  of  visible  light,  leading 
to  greater  magnification  as  you  can  see  in  the 
picture  of  the  fly’s  eye  to  the  right. 


X200 


© Musem  of  Science,  Boston 

Example  Problem  1.  What  is  the  wavelength 

of  an  electron  with  a speed  of  5.50  x 10^  m/s?  How  many  times  smaller  is  this  wavelength 
compared  to  a 400-nm  red  light? 


Hint:  When  asked  to  compare  two  quantities,  answer  by  stating  how  many  times  larger  or 
smaller  one  quantity  is  relative  to  the  other. 


Given 


v = 5.5xl0‘’  — 
s 

A = 400  nm 
= 4.00x10“^  m 

Required 

the  wavelength  of  the  electron  and  the  ratio  of  the  wavelengths  of  the  electron  and  red  light 

Analysis  and  Solution 

= Jl 

mv 

^ 6.63x10"^'*  J.s 

(9.11x10"^'  kg)(5.50xl0*’  m/s) 

= 1.32x10“*"  m 
comparison  to  red  light 

= 3.03  X 10^  times  smaller 


A 

A 

A 

4,00x10“^  m 

1.32x10“*"  m 
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Paraphrase 

The  wavelength  of  the  electron  is  1.32  x 10“^^  m,  and  it  is  3.03  x 10^  times  smaller  than  the 
wavelength  of  red  light. 

Example  Problem  2.  What  is  the  wavelength  of  an  electron  that  has  a kinetic  energy  of  3.10  x 
J? 

Given 


=3.10x10“"*  J 
Required 

the  wavelength  of  the  electron 

Analysis  and  Solution 


2x3.10x10“"*  J 

\ 9.11x10“^' kg 
v = 26  087  751.94  m/s 
a = A 

mv 


6.63xlO"^‘*J.s 

(9.11xl0“^'kg)(26  087  751.94  m/s) 

A = 2.79xl0“‘‘  m 


Paraphrase 

The  wavelength  of  the  electron  is  2.79  x 10“^^  m. 


Self-Check 


SC  3.  What  is  the  wavelength  of  an  electron  that  has  a speed  of  2.25  x 10^  m/s? 

SC  4.  What  is  the  wavelength  of  an  electron  that  has  a kinetic  energy  of  7.5  x 10^  MeV? 
SC  5.  What  is  the  speed  of  an  electron  that  has  a wavelength  of  7.00  pm? 
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SC  6.  What  is  the  wavelength  of  an  electron  that  is  accelerated  from  rest  through  a potential 
difference  of  1000  V? 

Check  your  work  with  the  answer  in  the  appendix. 


Read 


Read  “De  Broglie’s  Hypothesis — A Key 
Concept  of  Quantum  Physics”  and 
“Heisenberg’s  Uncertainty  Principle”  on  pages 
730  to  735  of  the  textbook. 


Heisenberg’s  uncertainty  principle:  a 

principle  stating  that  it  is  impossible  to  know 
both  the  position  and  momentum  of  a particle 
with  unlimited  precision  at  the  same  time 


Module  6:  Lesson  3 Assignment 


Go  to  the  Module  6 Assignment  Booklet  and  complete  questions  A 5,  A 6,  A 7,  and  A 8. 

A 5.  How  did  de  Broglie’s  wave  equation  show  that  energy  and  matter  are  similar? 

A 6.  A stationary  hydrogen  atom  with  a mass  of  1 .67x10’^^  kg  absorbs  a photon  of  light  with 
10.2  eV.  What  is  the  velocity  of  the  hydrogen  atom  after  absorbing  the  photon  in  a perfectly 
inelastic  collision? 


A 7.  If  you  performed  Young’s  experiment  with  high-speed  electrons  instead  of  light,  what 
would  the  results  look  like?  How  does  this  support  the  wave  or  particle  model? 

A 8.  What  does  Heisenberg’s  uncertainty  principle  mean  about  physicists’  attempts  to  measure 
the  size  of  the  electron? 


Discuss 

De  Broglie’s  wave  equation  takes  a simple  mathematical  form.  His  theory  that  a moving  particle 
is  associated  with  a wavelength,  however,  leads  to  some  very  interesting  conclusions.  For 
example,  using  the  wave  nature  of  particles  and  the  concept  of  standing  wave  patterns,  it  is 
possible  to  explain  why  an  electron  can  only  have  specific  amounts  of  energy. 

Based  on  these  readings,  answer  the  following: 

D 1.  Explain  why  a “particle  in  a box”  can  only  have  certain  amounts  of  energy.  Post  your 
solution  in  the  discussion  area. 
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Module  6:  Lesson  3 Assignment 

Return  to  the  Module  6 Assignment  Booklet  and  complete  D 2. 

D 2.  Read  the  solutions  that  two  other  students  have  posted.  Use  what  you  learn  from  their 
solutions  to  improve  your  own.  Include  comments  on  what  you  learned  from  the  other  two 
submissions. 


Reflect  and  Connect 


Quantum  physics  and  theory  related  to  wave-particle  duality  has  produced  amazing 
technologies,  like  the  electron  microscope,  while  helping  to  explain  the  nature  and  behaviour  of 
electromagnetic  radiation.  Yet,  the  precise  answer  to  the  age-old  question,  “what  is  light?”  still 
remains.  Perhaps  the  lack  of  a clear  answer  means  that  it  is  not  a realistic  question.  The  science 
simply  reveals  a duality — a reality  that  is  accepted,  rejected,  or  modified  with  new  discoveries 
and  insight. 

Young’s  double-slit  experiment  is  a case  in  point.  The  classic  two-slit  interference  pattern 
(studied  in  Module  5:  Lesson  6)  can  be  formed  in  very  strange  ways.  For  example,  if  only  one 
photon  of  light  is  directed  at  two  slits,  it  will  go  through  one  or  the  other  opening  forming  a dot 
on  the  screen.  Then  another  photon  passes  through  one  of  the  openings,  again  forming  another 
dot  on  the  screen.  Over  time  an  interference  pattern  forms,  even  when  only  one  photon  at  a time 
is  allowed  to  pass  through.  You  can  see  this  in  Figure  14.29  on  page  738  in  your  textbook.  The 
photons  interfere  constructively  and  destructively,  even  though  they  do  not  pass  through  the  slits 
at  the  same  time.  It  is  a very  strange  idea  that,  somehow,  each  photon  is  aware  of  the  photons 
that  came  before! 


Read 

You  may  explore  this  and  other  strange  consequences  of  wave-particle  duality  by  reading 
“Coming  to  Terms  with  Wave-particle  Duality  and  the  Birth  of  Quantum  Mechanics”  on  pages 
737  to  740  of  your  physics  textbook. 

From  its  birth  in  the  early  1900s,  quantum  theory  continues  to  evolve.  Today,  quantum  theory  is 
used  in  the  production  of  all  electronics — cell  phones,  flat  screen  TVs,  mp3  players,  computers, 
GPS  navigation,  car  engine  monitoring  computers,  etc.  Even  though  the  majority  of  people  do 
not  know  or  understand  quantum  theory,  it  is  a cornerstone  of  our  modem  life  and  affects  much 
of  what  we  do  daily  and  will  continue  to  help  shape  the  technology  of  tomorrow. 
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Compton,  de  Broglie,  and  Wave-Particle  Duality 


Remeber  to  submit  the  Module  6:  Lesson  3 Assignment  to  your  teaeher. 

Lesson  Summary 

In  this  lesson  you  foeused  on  the  following  questions: 

• What  is  the  Compton  effect  and  how  is  it  related  to  the  conservation  of  energy  and 
momentum? 

• How  does  the  Compton  effect  support  wave-particle  duality? 

• If  light  can  behave  as  a particle,  can  a particle  behave  as  a wave? 

• What  is  de  Broglie’s  wave  equation? 

The  Compton  effect  is  an  increase  in  wavelength,  hence  a decrease  in  energy,  of  an  X-ray  as  a 
result  of  its  interaction  with  matter.  Compton  observed  the  energy  and  momentum  of  the 
incident  X-ray,  the  scattered  X-ray,  and  the  electron  it  collided  with.  He  discovered  that  the 
collision  demonstrated  the  conservation  of  momentum  and  energy,  just  as  it  would  for  an  elastic 
collision  between  two  particles.  Thus,  the  Compton  effect  provides  supporting  evidence  for  the 
particle  nature  of  EMR. 

The  de  Broglie  wave  equation  is  based  on  the  Compton  effect  and  predicts  that  any  particle  that 

h 

possesses  momentum  will  have  a characteristic  wavelength  according  to  A = — . If  correct,  his 

prediction  would  show  that  a moving  particle  exhibits  wave-like  properties.  His  prediction  was 
verified  by  the  electron  wave  interference,  accidentally  observed  by  Davisson  and  Germer  who 
received  the  Nobel  Prize  for  the  discovery  of  “matter  waves”  in  1937.  The  de  Broglie  wave 
equation  also  explains  the  quantization  of  electron  energy  using  resonance  and  wave 
interference  in  a confined  space. 

Lesson  Glossary 

Compton  effect:  an  increase  in  wavelength  of  an  X-ray  as  a result  of  its  interaction  with  matter 

Compton  scattering:  the  scattering  of  an  X-ray  when  it  interacts  with  an  electron 

Heisenberg’s  uncertainty  principle:  a principle  stating  that  it  is  impossible  to  know  both  the 
position  and  momentum  of  a particle  with  unlimited  precision  at  the  same  time 
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Module  6 — Wave-Particle  Duality  and  Quantum  Physics 


Module  Summary 

In  Module  6 you  learned  about  the  evidence  related  to  the  quantum  model  and  wave-particle 
duality  in  relation  to  blackbody  radiation  and  the  photon  as  a quantum  of  EMR,  the 
photoelectric  effect  and  the  conservation  of  energy,  and  the  Compton  effect  and  the 
conservation  of  momentum  and  energy. 

In  Lesson  1 you  learned  about  the  quantum  and  how  it  relates  to  blackbody  radiation.  Blackbody 
radiation  refers  to  a hypothetical  object  that  absorbs  all  of  the  electromagnetic  radiation  that  falls 
on  it.  The  intensity  and  wavelength  (or  frequency)  of  the  emitted  radiation  can  be  used  to 
construct  a blackbody  radiation  curve.  Attempts  to  explain  these  curves  using  classical  physics 
gave  nonsensical  solutions.  Planck  was  able  to  explain  the  blackbody  radiation  curves  by 
assuming  that  energy  is  emitted  from  hot  objects  in  discrete  bundles,  or  photons,  each  capable  of 
transferring  a minimum  quanta  of  energy  associated  with  its  wavelength  and  frequency 
according  to  Planck’s  formula,  E = hf. 

You  also  learned  that  for  physics  in  general,  the  idea  of  the  quantum  marked  the  end  of  classical 
physics  and  the  beginning  of  quantum  physics  by  showing  that  light  could  be  considered  a 
photon,  a particle. 

In  Lesson  2 you  examined  the  photoelectric  effect  experiment  and  how  it  supports  wave-particle 
duality.  The  photoelectric  effect  showed  that  light  above  a threshold  frequency  is  able  to  cause  a 
potential  difference  across  a metal  plate.  Einstein  explained  this  effect  by  using  Planck’s 
quantum  hypothesis.  Einstein  proposed  that  the  energy  delivered  by  a single  incident  photon  is 
defined  by  Planck’s  formula  and  that  a certain  amount  of  energy,  called  the  work  function,  is 
required  to  free  an  electron  from  a metal  surface.  According  to  the  conservation  of  energy 
principle,  any  extra  energy  from  the  photon  is  contained  in  the  motion  of  the  photoelectron  as  it 
leaves  the  metal  surface.  These  relationships  were  then  verified  by  Millikan’s  experiments  using 
stopping  voltage  to  measure  accurately  the  kinetic  energy  of  the  photoelectrons. 

This  gave  evidence  for  Planck’s  hypothesis  and  the  particle  nature  of  light.  As  the  wave  nature 
was  clearly  shown  in  Unit  C,  the  new  theory  combined  both  into  the  wave-particle  duality  of 
light. 

In  Lesson  3 you  learned  about  the  Compton  effect  and  how  it  was  explained  using  conservation 
momentum  and  energy.  When  Compton  shone  an  X-ray  on  a sheet  of  metal,  he  observed  that 
the  X-ray’s  wavelength  increased  (decreased  in  energy).  He  investigated  the  lost  energy  and 
discovered  that  electrons  were  ejected  from  the  metal  plate.  He  analyzed  the  results  and  saw  that 
energy  was  conserved  but  was  surprised  to  see  that  momentum  was  also  conserved.  This  gave 
further  supporting  evidence  for  the  wave-particle  duality. 
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As  many  physicists  were  observing  the  wave-particle  duality  as  it  applied  to  light,  de  Broglie 
looked  at  the  wave  properties  of  particles,  specifically  electrons.  He  mathematically  predicted 
that  high-speed  particles  would  exhibit  wave-like  properties.  His  prediction  was  verified  by  the 
electron  wave  interference,  accidentally  observed  by  Davisson  and  Germer  who  received  the 
Nobel  Prize  for  the  discovery  of  “matter  waves”  in  1937.  The  de  Broglie  wave  equation  also 
explains  the  quantization  of  electron  energy  using  resonance  and  wave  interference  in  a 
confined  space,  further  supporting  quantum  theory. 

All  of  the  concepts  presented  in  this  module  were  designed  to  help  you  understand  wave-particle 
duality  and  quantum  theory.  In  the  next  module  you  will  see  how  nuclear  reactions  in  the  nuclei 
of  atoms  reveal  further  information  about  the  atom  and  the  fundamental  forces  that  govern  the 
nature  of  matter. 

Module  Assessment 

As  your  module  assessment  do  the  following  two  questions.  The  first  is  a holistic  question,  and 
the  second  is  a vector  question. 

Question  1 

Use  the  following  information  to  answer  this  holistic  question. 

The  labels  have  fallen  off  two  evacuated  quartz  tubes  that  have  unknown  metals  at  each  cathode. 
One  evacuated  quartz  tube,  with  Metal  X as  its  cathode,  detects  visible  light  leakage  from 
cameras.  The  other  evacuated  quartz  tube,  with  Metal  Y as  its  cathode,  detects  ultraviolet 
leakage  from  shielded  equipment.  A student  needs  to  know  which  evacuated  quartz  tube  has 
Metal  X and  which  has  Metal  Y.  The  following  is  one  of  the  evacuated  quartz  tubes. 


. Incident  light 

Unknown 

metal 


Also  available  for  your  experiment  are  a variable-frequency  electromagnetic  wave  source,  a 
variable  voltage  source,  a voltmeter,  and  any  reference  tables  needed. 

Design  an  experiment  using  the  photoelectric  effect  to  distinguish  between  Metal  X and 
Metal  Y.  Your  experimental  design  must  contain  the  following  components: 

• statement  of  the  purpose  of  the  experiment 

• list  of  the  equipment  needed 

• completely  labelled  diagram  of  all  the  equipment  necessary 

• procedure 

• measurements  to  be  made  and  recorded  and  any  tables  necessary 

• description  of  the  analysis 
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• explanation  using  either  the  calculation  or  the  derived  algebraic  equation  showing  how  it 
will  be  used  to  distinguish  between  Metal  X and  Metal  Y 

Compare  your  work  with  Holistic  Scoring  Guide  in  the  appendix. 

Question  2 

Use  the  following  information  to  answer  the  following  question. 

A university  professor  is  setting  up  an  example  for  a class  of  students.  The  professor  wants  to 
demonstrate  Compton  scattering  of  electrons.  The  professor  uses  an  X-ray  machine  to  project  an 
X-ray  with  a wavelength  of  1.38  x 10”^^  m at  a thin  metal  sample.  The  professor  finds  that  the 
scattered  X-rays  have  a wavelength  of  1.54  x m. 

Determine  the 

• angle  at  which  the  X-rays  scatter 

• velocity  of  the  ejected  electrons  (speed  and  direction),  assuming  that  they  start  at  rest 
(Ignore  any  relativistic  effects.) 


scattered  X-ray 


Compare  your  work  with  Analytic  Question  Scoring  Guide  in  the  appendix. 
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Module  Glossary 

blackbody:  any  object  that  absorbs  all  EMR  that  falls  on  it  and  is  capable  of  being  a perfect 
emitter,  releasing  energy  in  the  form  of  EMR 

blackbody  radiation  curve:  a graph  of  the  intensity  of  EMR  versus  wavelength  for  an  object  at 
a given  temperature 

Compton  effect:  an  increase  in  wavelength  of  an  X-ray  as  a result  of  its  interaction  with  matter 

Compton  scattering:  the  scattering  of  an  X-ray  when  it  interacts  with  an  electron 

Heisenberg’s  uncertainty  principle:  a principle  stating  that  it  is  impossible  to  know  both  the 
position  and  momentum  of  a particle  with  unlimited  precision  at  the  same  time 

incandescent:  glowing  with  heat 

quantum  {pi.  quanta):  the  smallest  bundle  or  packet  of  energy  that  a given  wavelength  or 
frequency  of  EMR  can  possess 

photoelectric  effect:  the  emission  of  electrons  when  a metal  is  illuminated  by  EMR  with  a 
frequency  greater  than  or  equal  to  the  metal’s  threshold  frequency 

photoelectron:  an  electron  emitted  from  a metal  because  of  the  photoelectric  effect 

photon:  one  quantum  of  light 

Planck’s  formula:  EMR  energy  is  the  product  of  the  number  of  quanta,  Planck’s  constant,  and 
the  frequency  of  the  radiation 

stopping  voltage:  the  potential  difference  for  which  the  kinetic  energy  of  a photoelectron  equals 
the  work  needed  to  move  through  a potential  difference 

threshold  frequency:  the  minimum  frequency  that  a photon  can  have  to  cause  photoemission 
from  a metal 

wave-particle  duality:  the  notion  that  EMR  has  both  wave-like  and  particle-like  characteristics 

work  function:  the  minimum  energy  that  a photon  can  have  to  cause  photoemission  from  a 
metal 

Each  metal  has  a specific  work  function. 
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Appendix 


Holistic  Question  Scoring  Guide 

(5  marks) 

Check  before  you  submit  your  work: 

Did  you  write  your  answer  as  a paragraph  with  proper  sentences? 

Did  you  clearly  answer  all  parts  of  the  question? 

Did  you  state  and  explain  any  relevant  physics  principles  as  shown  on  your  physics  data  sheet? 
Did  you  state  and  explain  any  relevant  equations? 

Holistic  Scoring  Guide 


Score 

Description 

5 

The  nature  of  a response  that  will  receive  a score  of  5 has  the  following 
characteristics: 

• The  response  addresses,  with  appropriate  knowledge,  all  the 
major  concepts  in  the  question  (all  bullets  must  be  attempted). 

• The  student  applies  major  physics  principles  in  the  response 
(appropriate  physics  principles  are  stated). 

• The  relationships  between  ideas  contained  in  the  response  are 
explicit*  (physics  principles  are  clearly  linked  to  the  application). 

• The  reader  has  no  difficulty  following  the  strategy  or  solution 
presented  by  the  student. 

• Statements  made  in  the  response  are  supported  explicitly.* 

Note:  the  response  may  contain  minor  errors  or  have  minor  omissions. 
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The  nature  of  a response  that  will  receive  a score  of  4 has  the  following 
characteristics: 

4 

• The  response  addresses,  with  appropriate  knowledge,  all  the 
major  concepts  in  the  question  (all  bullets  must  be  attempted). 

• The  student  applies  major  physics  principles  in  the  response 
(appropriate  physics  principles  are  stated). 

• The  relationships  between  the  ideas  contained  in  the  response  are 
implied** (physics  principles  are  stated  but  not  properly  linked  to 
the  application). 

• The  reader  has  some  difficulty  following  the  strategy  or  solution 
presented  by  the  student. 

• Statements  made  in  the  response  are  supported  implicitly.** 

Note:  the  response  is  mostly  complete  and  mostly  correct,  although  it 
may  contain  errors  or  have  omissions,  and  contains  some  application  of 
physics  principles. 

The  nature  of  a response  that  will  receive  a score  of  3 has  the  following 
characteristics: 

3 

• The  response  addresses,  with  some  appropriate  knowledge,  all  the 
major  concepts  in  the  question  (all  bullets  must  be  attempted). 

• The  student  does  not  apply  major  physics  principles  in  the 
response  (all  appropriate  physics  principles  are  not  stated). 

• There  are  no  relationships  between  the  ideas  contained  in  the 
response  (physics  principles  are  stated  but  not  applied). 

• The  reader  may  have  difficulty  following  the  strategy  or  solution 
presented  by  the  student. 

The  nature  of  a response  that  will  receive  a score  of  2 has  the  following 
characteristic: 

2 

• The  response  addresses,  with  some  appropriate  knowledge,  two  of 
the  major  concepts  in  the  question  (only  two  bullets  are 
attempted). 

1 

The  nature  of  a response  that  will  receive  a score  of  1 has  the  following 
characteristic: 

• The  response  addresses,  with  some  appropriate  knowledge,  one  of 
the  major  concepts  in  the  question  (only  one  bullet  is  attempted). 

0 

• The  student  provides  a solution  that  is  invalid  for  the  question. 

* Explicit  means  the  response  is  clearly  stated;  the  marker  does  not  have  to  interpret. 


**Implicit  (implied)  means  the  response  is  not  clearly  stated;  the  marker  must  interpret. 
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For  example: 

Explicit:  An  electron  has  a negative  charge  while  a proton  has  a positive  charge. 

The  answer  is  clear  with  no  possible  misinterpretation. 

Implicit:  An  electron  has  a negative  charge  while  a proton  does  not. 

The  answer  is  not  clear  because  the  marker  does  not  know  if  a proton  is  neutral  or  positively 
charged.  There  is  more  than  one  possible  way  to  interpret  the  answer. 


Analytic  Question  Scoring  Guide 


(5  marks  each) 

Check  before  you  submit  your  work: 

Did  you  state  the  relevant  physics  principles  as  stated  on  your  physics  data  sheet? 

Did  you  state  the  equation  from  the  equation  sheet? 

Did  you  show  the  manipulated  form  of  the  equation? 

Did  you  show  the  substitution  and  units? 

Did  you  calculate  the  correct  final  answer  and  paraphrase  the  answer  with  the  correct  significant 
digits  and  appropriate  units? 

Scoring  Guide  for  Analytic  Questions 


Physics  Principles 


Score 

Description 

4 

Both  relevant  physics  principles  are  stated  and  both  are  clearly  related 
to  the  response.  Physics  principles  for  questions  involving  linear  vector 
addition  require  explicit  communication  of  the  vector  nature;  e.g.,  a 
situational  diagram  or  a free-body  diagram  (FBD)  for  forces  and  a 
vector  addition  diagram. 

3 

Both  relevant  physics  principles  are  stated,  but  only  one  is  clearly 
related  to  the  response. 

2 

Both  relevant  physics  principles  are  stated  but  neither  is  clearly  related 
to  the  response. 

or 

One  relevant  physics  principle  is  stated  and  is  clearly  related  to  the 
response. 

1 

One  relevant  physics  principle  is  stated. 

0 

No  relevant  physics  principle  is  stated. 
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Substitutions 


Score 

Description 

1 

All  substitutions  are  shown.  Significant  digits  are  not  required  in 
intermediate  steps. 

A response  with  at  most  one  implicit  unit  conversion  may  receive  this 
score.  An  incomplete  or  incorrect  response  may  receive  this  score  if  all 
the  values  substituted  are  appropriate;  i.e.,  length  measurements  into 
length  variables,  energy  measurements  into  energy  variables. 

0 

Too  many  substitutions  are  missing. 

or 

The  response  contains  one  invalid  substitution;  i.e.,  electric  field 
strength  for  energy  or  speed  for  electric  potential  difference. 

Formulas 


Score 

Description 

3 

All  relevant  formulas  required  for  the  complete  solution  are  present  and 
have  been  written  as  they  appear  on  the  equations  sheet  or  in  the 
information  given  with  the  question. 

2 

Most  relevant  formulas  are  stated. 

or 

Derived  formulas  are  used  as  starting  points. 

1 

One  relevant  formula  from  the  formula  sheet  is  stated. 

0 

No  relevant  formula  is  stated. 

Final  Answer 


Score 

Description 

2 

The  value  of  the  answer  to  the  complete  problem  is  stated  and 
calculated  consistently  with  the  solution  presented.  The  final  answer  is 
stated  with  the  appropriate  number  of  significant  digits  and  with 
appropriate  units. 

A response  in  which  an  inappropriate  substitution  has  been  made  may 
receive  this  score  if  the  incorrect  units  are  consistently  carried  forward. 

1 

The  value  of  the  final  answer  is  stated,  calculated  consistently  with  the 
solution  presented.  Units  or  significant  digits  are  incorrect. 

or 

The  response  is  incomplete,  but  an  intermediate  value  is  stated  and 
calculated  consistently  with  the  solution  presented  with  appropriate 
units  (significant  digits  not  required). 
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0 


The  answer  stated  is  unrelated  to  the  solution  shown. 

or 

No  answer  is  given. 


Lesson  1 


Self-Check  Answer 


Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 


SC  1. 

Light  Bulb 


© The  University  of  Colorado,  under  the  GNU  General  Public  License  (GPL) 


The  bulb  appears  white  because  it  emits  some  energy  in  wavelengths  that  span  across  the  visible 
range  of  wavelengths.  The  longer,  infrared  wavelengths  are  not  seen  but  are  felt  as  heat. 
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Zooming  in  several  times  along  the  intensity  axis  reveals  that  oven  temperatures  release  energy 
with  wavelengths  that  approach  the  red  end  of  the  visible  spectrum.  The  element  in  an  oven  will 
start  to  appear  red  when  it  reaches  temperatures  near  1300  K.  (Note  the  inside  of  an  oven  is 
much  cooler  than  this,  which  is  why  the  element  cycles  on  and  off  and  the  entire  oven  does  not 
glow  red  hot.)  You  can  adjust  the  temperature  on  the  simulation  upward  to  find  the  exact 
temperature  at  which  red  light  will  start  to  appear. 

The  temperature  of  the  filament  in  a light  bulb  is  much  higher  than  that  of  a stove  element,  even 
during  the  heating  cycle. 

Lesson  3 


Self-Check  Answers 

SC  1. 

The  photon  with  a wavelength  of  2 nm  will  have  the  larger  momentum  because  momentum  is 
inversely  proportional  to  wavelength. 

SC  2. 


scattered  X-ray 


ejected 

electron 


X-ray 


Contact  your  teacher  if  your  answers  vary  significantly  from  the  answers  provided  here. 
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SC  3. 


Given 


v = 2.25xl0’  — 


s 


Required 


the  wavelength  of  the  electron 


Analysis  and  Solution 


mv 


A = 


6.63x10“^'*  J.s 


(9.11x10“^*  kg)|2.25xl0''  m/sj 
A=  3.23x10^"  m 

Paraphrase 

The  wavelength  of  the  electron  is  3.23  x 10“'*  m. 

SC  4. 

Given 

=7.5x10“"*  MeV 
=7.5xlO“''xlO^  eV 
=7.5x10^  eV 

Required 

the  wavelength  of  the  electron 
Analysis  and  Solution 
Change  the  energy  in  eV  to  J 


= 1.152x10“'^  J 
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Use  the  kinetic  energy  to  find  the  velocity. 


(2)(l. 152x10^**  j) 


]j  (9,llxl0'^‘ kgj 
= 15  903  109.49  — 

S 

Use  the  velocity  to  find  the  wavelength. 

a = A 

mv 

|6.63xl0"^''  J.s) 

(9.11xl0~^‘  kg)|l5  903  109.49 
= 4.58x10^"  m 
Paraphrase 

The  wavelength  of  the  electron  is  4.58  x 10”^'  m. 

SC  5. 

Given 

A = 7.00  pm 
= 7.00x10"^^  m 

Required 

the  velocity  of  the  electron 
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Analysis  and  Solution 


h 

A = — ; Isolate  for  v 


mv 


Xm 


6.63x10’^''  J.s 


7.00x10“'^ 


mj|9. 1 1 X 10  kgj 


103  967  382.8  — 


S 


Paraphrase 

The  speed  of  the  electron  is  1.04  x 10^  m/s. 

SC  6 
Given 
V=  1000  V 

Required 

the  wavelength  of  the  electron 

Analysis  and  Solution 

Calculate  the  change  in  energy  (or  work  done)  of  the  electron. 


V — 


Isolate  for  /\E\ 

AE  = Vq 

= 1000  Vxl.60xl0“^^  C 
= 1.60x10“^^  J 

Calculate  the  velocity  using  AE  = ^ mv^  . 


2(1.6x10"^^  J) 
9.11x10“^^  kg 


= 18  741994.27  m/s 
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Calculate  the  wavelength. 

_h_ 
mv 

6.63x10"^'*  J.s 

(9.11x10“^'  kg)(l  841  994.27  m/s) 

3.88xl0~"  m 
Paraphrase 

The  wavelength  of  the  electron  is  3.88  x 10“*^  m. 


A = 
A = 
A = 
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In  Module  5 you  learned  about  the  roles  that  eleetrieity  and  magnetism  play  in  the  production  of 
EMR  as  you  explored  many  optical  systems.  First,  you  were  introduced  to  the  electromagnetic 
spectrum  by  observing  a rainbow,  a natural  example  of  the  visible  light  spectrum.  Visible  light 
represents  only  a small  portion  of  the  entire  electromagnetic  radiation  spectrum,  which  is 
organized  by  wavelength  and  frequency. 

Next,  you  investigated  significant  scientific  discoveries  in  the  field  of  EMR.  Maxwell’s 
electromagnetic  theory  predicted  that  perpendicular,  oscillating,  electric  and  magnetic  fields 
propagated  in  the  form  of  an  electromagnetic  wave.  He  also  concluded  that  all  electromagnetic 
waves  travel  through  a vacuum  at  a common  speed  and  obey  the  universal  wave  equation.  This 
was  later  proven  by  Hertz  using  a spark  gap  and  observing  the  resulting  spark  across  the  gap  in  a 
receiving  antenna  wire. 

You  then  learned  how  to  measure  the  speed  of  light  in  a few  different  contexts.  The  ability  to 
measure  the  speed  of  light  led  to  the  discovery  of  precise  technologies  for  measuring  both 
terrestrial  and  astronomical  distances. 

After  exploring  the  basic  properties  of  EMR,  you  learned  that  ray  diagrams  can  identify  the  path 
of  light  based  on  the  law  of  reflection  and  can  be  used  to  predict  the  position  and  characteristics 
of  images  in  both  plane  (flat)  and  curved  mirrors. 

You  then  investigated  how  many  modem  technologies,  such  as  digital  light  processing, 
telescopes,  and  satellite  dishes,  are  all  excellent  applications  of  the  law  of  reflection. 

Next,  you  learned  about  Snell’s  Law  as  it  applies  to  refraction,  which  is  a change  in  the 
direction  of  a light  caused  by  a change  in  its  speed  as  it  passes  at  an  angle  from  one  medium  to 
the  next.  You  also  investigated  the  index  of  refraction  and  the  critical  angle,  both  of  which  are 
important  properties  of  optical  systems. 

You  also  observed  dispersion  as  the  refraction  of  white  light  as  it  enters  and  exits  a prism  or  a 
water  droplet  and  produces  a spectmm  of  colours  quite  similar  to  a natural  rainbow.  You 
concluded  that  it  supports  the  wave  model  of  light. 

Next,  you  learned  to  distinguish  between  a converging  lens  and  a diverging  lens  and  how  to  use 
ray  diagrams  and  the  thin  lens  equation  to  identify  image  characteristics  for  both  types  of  lens. 

You  concluded  Module  5 by  investigating  that  diffraction  occurs  when  any  wave  front  bends  or 
changes  direction  as  it  passes  by  the  sharp  edge  of  an  obstacle  or  through  a small  opening  in  the 
obstacle.  You  also  discovered  that  if  light  is  shone  through  two  small  openings  (double  slit),  the 
diffracted  waves  form  an  interference  pattern  characterized  by  a repeating  pattern  of 
constructive  and  destmctive  interference,  explained  by  assuming  light  has  wave-like 
characteristics. 
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Lastly,  you  investigated  the  reason  why  diffraction  gratings  have  a large  number  of  equally 
spaced,  parallel  lines  and  that  you  can  apply  the  same  equations  that  describe  a two  slit 
experiment  to  gratings,  since  they  only  rely  on  the  spacing  between  any  two  slits,  or  grooves, 
such  as  those  making  up  the  track  on  a CD  or  DVD. 

All  of  the  concepts  learned  thus  far  helped  you  understand  that  EMR  exhibits  both  wave  and 
particle  characteristics. 

In  Module  6 you  learned  that  a blackbody  refers  to  a hypothetical  object  that  absorbs  all  of  the 
electromagnetic  radiation  that  falls  on  it.  You  also  investigated  blackbody  radiation  curves  and 
how  they  are  used  to  observe  the  emitted  energy  distribution  in  terms  of  wavelength  (or 
frequency)  versus  intensity  for  a blackbody  at  various  temperatures.  The  curves  can  be 
explained  by  assuming  that  energy  is  emitted  from  hot  objects  in  discrete  bundles,  or  photons, 
each  capable  of  transferring  a minimum  quantum  of  energy  associated  with  its  wavelength  and 
frequency  according  to  Planck’s  formula.  Applying  the  formula  to  the  electromagnetic  spectrum 
reveals  the  energy  of  the  photons  in  all  the  general  classifications  of  the  spectrum. 

It  was  at  this  point  that  you  discovered  that,  for  physics  in  general,  the  idea  of  the  quantum 
marked  the  end  of  classical  physics  and  the  beginning  of  quantum  physics. 

Next,  you  learned  about  the  photoelectric  effect  and  how  it  is  characterized  by  the  following 
general  observations,  which  could  be  demonstrated  graphically  and  were  explained  by  Einstein 
and  verified  in  Millikan’s  famous  experiment: 

• Photoelectrons  are  emitted  instantly  when  EMR  is  incident  on  the  surface. 

• There  is  a threshold  frequency  of  EMR  required  to  cause  the  emission  of  photoelectrons. 

If  the  light  shining  on  the  photoelectric  surface  is  below  a certain  frequency,  there  is  no 
photoelectron  emission,  regardless  of  the  intensity,  or  brightness,  of  the  light.  If  the 
frequency  is  higher  than  the  threshold  frequency,  the  photoelectron  current  is  proportional 
to  the  intensity. 

• Each  type  of  metal  has  its  own  characteristic  threshold  frequency.  When  the  frequency  of 
the  incident  EMR  increases  beyond  the  threshold  frequency,  the  kinetic  energy  of  the 
released  photoelectrons  shows  a corresponding  increase. 

• If  the  light  is  at  or  above  the  threshold  frequency,  increasing  the  intensity  will  increase  the 
number  of  photoelectrons,  but  not  the  energy  of  any  individual  photoelectron. 

Y ou  then  concluded  that  the  photoelectric  effect  in  combination  with  the  wave-like 
characteristics  of  EMR  from  other  experiments  supported  the  notion  that  EMR  has  both  particle- 
and  wave-like  characteristics,  thereby  promoting  the  notion  of  wave-particle  duality. 

Finally,  you  learned  that  the  Compton  Effect  is  an  increase  in  wavelength,  hence  a decrease  in 
energy,  of  an  X-ray  as  a result  of  its  interaction  with  matter,  and  that  it  obeyed  the  law  of 
conservation  of  momentum.  This  was  supporting  evidence  for  the  particle  nature  of  EMR. 
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Throughout  this  unit,  you  built  on  your  knowledge  from  the  previous  unit  of  how  electrieal  and 
magnetie  fields  interact  to  produce  EMR.  By  exploring  optical  systems,  you  discovered  EMR 
exhibits  both  wave  and  particle  characteristics.  This  led  to  the  discovery  of  quantum  physics, 
which  is  where  you  are  headed  in  Unit  D. 


Unit  C Assessment 


Assessment 

There  is  no  unit-level  assessment.  In  each  module  you  completed  a significant  number  of 
assessment  activities.  Some  activities  were  assessed  by  you  (e.g.,  Self-Check)  or  your 
classmates  (e.g..  Discuss),  and  other  activities  were  assessed  by  your  teacher  (e.g..  Lesson 
Assignment,  Portfolio  Assessment,  Discussion  Assessment,  and  Module  Assignment). 
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